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Abstract
New high-A isomers have been populated in ^fjTa and by bombarding 
thick targets with pulsed beams at 1600 MeV. The new inelastically excited 
multi-quasiparticle states include K'^ =  21/2" and 29/2“ 3-quasiparticle isomers 
in ^®^ Ta and K'^ = 7~ and (16+) isomers in The K'^ =  (16+) state in
186W has ti/2 > 3  ms and extends the 4-quasiparticle isomer systematics beyond 
the limit accessible with fusion-evaporation reactions, using stable beams and 
targets, for the first time. In addition, a ti/2 > l ms 3-quasiparticle isomeric 
state feeding a strongly coupled rotational band has been populated in ^ffTa by 
nucleon transfer. The excitation energies of the intrinsic states are compared to 
predictions of blocked BCS calculations.
A diff'erent study of high-A states used a radioactive beam at 67 MeV 
to investigate the high-spin structure of ^76 Os. New rotational bands built on 
multi-quasiparticle states with K'^ =  5~,7~,9“ ,10+ and 15+ are observed. The 
first crossing of the ground-state band at 7 =  14 is interpreted as involving 
a high-iC ^-band structure and explained using a two-band mixing model. The 
structure at higher angular momentum is dominated by intrinsic states, that 
exhibit a dramatic loss of isomerism. Potential-energy-surface calculations, with 
Lipkin-Nogami pairing, show these configurations to be triaxial, accounting for 
the breakdown in K  conservation. The relation between the K  projection and 
the total angular momentum is investigated for these non-axial states.
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Chapter 1
Introduction
Located at the centre of every atom is the nucleus comprised of protons and 
neutrons. The motion of these particles within the nucleus is complicated because 
they lie in a nuclear potential that arises due to the interactions between all of the 
nucleons, but can be approximated by an average (or mean) nuclear field. More 
precise descriptions for the properties of nuclei require corrections to the mean 
field approach to take in to account, for instance, the fact that nucleons prefer to 
bind together in pairs. Understanding these residual effects can provide insight in 
to the internal structure of nuclei. One phenomenon which lends itself to study 
and provides a great deal of nuclear structure information is the behaviour of 
nuclei as they rotate.
In 1968 a metastable (long-lived) state was discovered in the nucleus ^^ ®Hf 
[1] with a half-life of 31 years [2] and a high excitation energy (2.4 MeV). (A 
metastable state is defined here to be an excited nuclear state with a half-life 
greater than a few nanoseconds.) Such states are now well established in the 
mass-180 region, although most of the known examples have considerably shorter 
half-lives, typically microseconds. The nuclei in this region are deformed with 
rugby ball (prolate) shapes. The most common mode of rotation for these nuclei 
is for the nucleus as a whole to turn about an axis perpendicular to the symmetry 
axis. This is called collective rotation. Conversely the metastable (or isomeric)
1
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states consist of one or more unpaired particles rotating about the symmetry axis. 
Therefore, the angular momentum vectors for these two different types of rotation 
are at right angles to each other. Energy is required to break pairs of particles 
and form the isomeric states and so in most cases these lie higher in energy 
than the lowest collective rotational state of the same angular momentum. The 
only available decay mode for the metastable states is to lower-lying collective 
rotational levels which changes the angular momentum vector by 90°. This large 
change underlies why such states are long-lived because these isomers can only 
decay at all due to fluctuations in the nuclear shape (or shape orientation), weak 
mixing between dissimilar states or by slow transitions that carry away many 
units of angular momentum.
Although many isomeric states are known in the mass-180 region their be­
haviour in neutron-rich nuclei and at high-spins is unknown and not well pre­
dicted. In addition, although approximate calculations of the energy of the 
isomeric states can be performed no reliable method exists for predicting the 
half-lives to within orders of magnitude. A larger body of data is a necessary 
prerequisite for addressing these problems.
1.1 M otivation
The isomers discussed in the section above are referred to as AT-isomers, where 
K  is the projection of the total angular momentum on the symmetry axis. In 
well-deformed prolate nuclei found in the mass-180 region, this quantum number 
is approximately conserved, giving rise to long-lived states for decays involving 
large changes in AT.
In the past the most popular and successful way of studying these isomers 
was by using fusion-evaporation reactions. Here, two lighter nuclei are fused 
to form a hot compound system which then emits particles such as neutrons, 
protons and alpha-particles, leaving the product nucleus in a high-spin state.
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The limitation of this technique is that because only stable beams and targets 
have been available, the product nuclei are neutron-deficient. Predictions for 
A-isomers in neutron-rich nuclei [3] have therefore remained untested for many 
years.
Calculations can be performed to estimate the excitation energies of multi­
quasiparticle states to within a few hundred keV, however, there is as yet no 
successful theory for reliably including residual nucleon-nucleon interactions, and 
the limited data available on these are once again largely restricted to neutron- 
deficient nuclei. Half-life calculations are even less reliable.
Another reason for sustained interest in A-isomers has been the observation 
of isomers with much shorter half-lives than expected. Such states are thought to 
occur for several different reasons. Coriolis mixing between states with the same 
angular momentum but different K  values can result in a faster than expected 
decay. This can be thought of as a “wobbling” effect when the nucleus rotates. 
The net result of this is to mix \ow-K components in to the wave function of the 
isomer and high-A" components in to the wave function of the state to which it 
de-excites.
A weaker mixing phenomenon can accelerate the decays from isomers when 
they have a high excitation energy compared to the lowest lying level with the 
same angular momentum. This is a statistical effect because the number of states 
increases with energy [4]. At high energies the sheer number of levels makes it 
more likely that states will occur close to the isomer with the same angular 
momentum but different A, increasing the chance of mixing.
Another mechanism for unexpectedly fast isomeric decays may occur in nuclei 
that do not have axially symmetric shapes or that undergo axially asymmetric 
shape fluctuations. This results in the A  quantum number no longer being con­
served.
It is still not clear which of the modes mentioned above are responsible for 
short lived states, or how A-isomers behave in nuclei with large neutron numbers.
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Data on neutron-rich nuclei in this mass region and at high spins will provide a 
rich testing ground for theoretical predictions.
Chapter 2
Nuclear structure
2.1 The Spherical Shell M odel
In the first half of the 20*^  century a model was introduced to explain the observed 
shell structure in nuclei. Closed shells occur at proton and neutron “magic” num­
bers of 2, 8, 20, 28, 50, 82 and 126 where there are large energy gaps between 
successive nuclear orbitals. At these shell closures, the binding energy of the last 
nucleon is much larger than the corresponding value in the neighbouring nuclei, 
e.g. 8^2^^126 is doubly magic and is thus very stable. The individual nucleon 
motions can be described as being constrained in a potential that itself arises 
from the combined effect of all the nucleons. The model introduced was aptly 
named the Spherical Shell Model [5], and it best describes spherical nuclei with a 
Woods-Saxon [6] potential (see Equation (2.1) below) coupled with a spin-orbit 
potential. This spin-orbit term arises from a coupling between the intrinsic angu­
lar momentum, s, and orbital angular momentum, i, of the individual nucleons, 
such that j —l+s. The energy levels of each j-shell are (2j-}-l) degenerate, la­
belled by rrij (the projection of j ) .  The Woods-Saxon potential can be expressed 
as
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=  l + exp'iVl
where r is the radial distance from the centre of the potential and a is a parameter 
that determines how sharply the potential increases to zero. R  is the radius at 
which V(R) =  — V o / 2  where Vq defines the depth of the potential. The nature of 
the spin-orbit coupling causes high-j orbitals to be pushed down in energy. When 
one of these orbitals appears in a shell lower than it would have been without the 
spin-orbit term, it is callèd an intruder orbital or unique parity orbital since its 
parity differs from the other orbitals in that shell. This model can explain many 
features of spherical nuclei but needs modifying to describe nuclei with many 
nucleons outside closed shells. The residual interactions between these many 
valence nucleons may be more simply described in terms of deformed potentials.
2.2 D eform ation
For nuclei to rotate they must be non-spherical so that they have a preferred axis. 
For deformed nuclei assuming a constant nuclear volume (i.e. incompressibility) 
and real solutions, the nuclear radius can be described by
oo A
R ( 0 ,  <l>) = R a v [ l  + E  E  <!’)] (2-2)
A =2 f j L = — X
where (Aa,^  are the coefficients of the spherical harmonics (j)) [7]. The A =  1
terms are normally excluded from the sum as these correspond to a translation 
of the centre-of-mass providing the coefficients a 2 ^ are small. A and fi govern the 
deformations in 6 and (j> respectively. For instance for spheroidal nuclei,
+  AF^o(^, <^ )] (2.3)
which is independent of (f). This means that such nuclei are axially symmetric, 
either oblate or prolate, see Figure 2.1. The deformation parameter /?2 (= 0 :20),
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can be related to the axes of the spheroid by,
in which the average radius, Rav — and Ai?, is the difference between the
semi-major and semi-minor axes. The larger the value of /?2 the more deformed 
the nucleus. Positive and negative /?2 values correspond to prolate and oblate 
shapes respectively (see Figure 2.1).
-o-ve ■fve
Figure 2.1: Diagram showing oblate, spherical and prolate shapes [8 ]. The arrows 
for the oblate and prolate shapes indicate the symmetry axis.
In some circumstances the quadrupole deformation parameters cg and 6 are 
used. These are related to by the Equations (2.5), taken from [9].
A R0 =
A
Rr.m.s.
4 , 4
(2 .6)
Higher order axially symmetric effects have also been observed in nuclei, such 
as hexadecapole deformations quantified by /?4 (or €4).
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The shape parameters introduced so far all describe axially symmetric nuclear 
shapes, but quadrupole (A =  2 ) deformations can give rise to asymmetric shapes. 
These triaxial distortions are governed by the 7  shape degree of freedom, and 
this describes a stretching/squashing effect at right angles to the major nuclear 
axis. (This effect is shown in Figure 2.3.) From Equation (2.2) 7  is defined by,
0^20 =  A  cos 7  and « 2 2  =  (^ 2 - 2  =  ^ f t  sin 7  (2 .6 )
with CK21 =  0 :2 -1  =  0. Gamma is measured in degrees where 7  =  0 ° and 7  =  60° 
correspond to prolate and oblate shapes respectively. Completely triaxial shapes 
have 7  =  30°.
The model that describes axially symmetric nuclei is called the Deformed 
Shell Model. In this model the Schrodinger equation is solved using a potential 
that describes, as closely as possible, the actual shape of the nucleus. Another 
result of the deformation is that the orbital angular momentum. I, and intrinsic 
spin, s, are no longer good quantum numbers and thus states with different I 
values (but the same parity) can mix. The energy of the states now depends 
on the component of the angular momentum along the symmetry axis, Q. For 
each orbital with angular momentum j ,  there are 2 j  +  1 values of Q, (=mj in 
the absence of other couplings). However, levels with +V2 and —Q. have the same 
energy due to the reflection symmetry of axially symmetric nuclei, so each state is 
now doubly degenerate, i.e. 2 particles can be placed in each state. For example 
the &13/2 orbital can have |Q| equal to 13/2, 11/2, 9/2, 7/2, 5/2, 3/2 and 1/2. 
The ordering of these Q levels depends on the particular shape of the nucleus, 
since the lowest in energy is the orbital which interacts (or overlaps) the most 
with the nuclear core. For prolate nuclei the states with the lowest Q values are 
the most tightly bound whereas for oblate nuclei, the highest O orbitals occur 
lowest in energy. Such deformed shell model calculations were first performed 
by Nilsson in 1955 [10] with an anisotropic harmonic oscillator potential and the 
calculated states (called Nilsson orbitals) are labelled by fl[Nn^ A), where N is
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the total oscillator shell quantum number and determines the parity, given by 
(—1 )^. A is the projection of the particle orbital angular momentum, /, on the 
symmetry axis (see Figure 2.2), and n  ^ is the number of oscillator shell quanta 
along the direction of the symmetry axis.
2.3 Angular m om entum
A nucleus can generate angular momentum in two different ways, either collec­
tively via rotation and vibration or by few-nucleon excitations in which a small 
number of unpaired nucleons generate the angular momentum. In practice most 
states are a mixture of these two extreme modes. Both of these phenomena are 
illustrated in Figure 2.2, along with the notation used throughout this thesis.
The wave functions for collective states can be thought of as a coherent mix­
ture of many single particle wave functions. A direct result of this is an increase 
in the E2 transition probability, between two collective members of a band, com­
pared to the corresponding single-particle value, i.e. the wave functions of the 
initial and final state have a large overlap. This can be a useful way of differen­
tiating between single-particle and collective states.
2.3.1 R otation
Classically, the energy of a rotor is given by
1 
2
where J ’ is the moment of inertia of the system and
E  =  (2.7)
w  =  y  (2 .8 )
is the angular frequency and I  is the angular momentum. Combining Equa­
tions (2.7) and (2.8) implies that
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RotationaxisGeneral angular
momentum
coupling
Symmetry
axis
IA
Figure 2.2: Notation used for angular momentum vectors in prolate deformed 
nuclei. I  is the total angular momentum of the nucleus, R  is the collective 
rotation and j  is the single-particle component. K  is the projection of I  on 
the symmetry axis and i is the projection of I  on the rotation axis. denotes 
the angular momentum projection of the i^  ^ particle. In the Nilsson model, j  
precesses about the symmetry axis and H is a conserved quantity.
E = 1 {iny2 J (2.9)
Transforming from a classical system to a quantum system, the angular momen­
tum P  becomes 7(7 4- 1 ) giving Equation (2.10).
-  —  [7(7 +  1)] (2 .10)
Here J  represents the static moment of inertia (also written Thus, for an
ideal rotating even-even nucleus in the ground-state band, the ratio of the energy 
of the first 4+ state to the 2"*' energy is 3.33. Indeed, values close to this have 
been observed in many cases, e.g. for E(4'^)/E(2^) =  3.25.
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The spacing of rotational states is generally in agreement with Equation (2.10) 
until, in the v4%180 region, 7%16 [11]. At this point there is a sharp decrease
in the level spacing, known as “backbending” . This is explained by the fact that 
at this rotational frequency the ground-state (fully paired) band is no longer 
“yrast” (an yrast state is the lowest energy state for a given spin). Another 
band, one based on an intrinsic excitation, becomes lower in energy for the same 
angular momentum because the Coriolis force (Section 2.8) compensates for the 
reduction in binding energy due to the loss of pairing. This “5-band” has a higher 
moment of inertia J ,  and so the level spacing is less than for the ground-state 
band, resulting in the “backbend” in the 7 -ray spectrum. An 5-band involves 
particles coupled to low K,  i.e. with a small angular momentum projection on 
the symmetry axis. Such a coupling is said to be rotation aligned. As I  increases, 
other bands may become yrast, for instance “i-bands” (tilted bands) [12]. These 
involve two particles excited to «13/2 orbitals (in the mass-180 region) coupled to 
high AT, with the angular momentum vector jf, processing around a rotation axis 
that is tilted with respect to the symmetry axis (Section 2.8). For a band with a 
non-zero K  value. Equation (2.10) becomes,
+  (2 .11)
This takes into account the non-rotational component due to the bandhead struc­
ture. The increase in the intraband transition energies, with / ,  implied by 
Equations (2.10) and (2.11) arises because for any given band, the projection of I  
(=  K )  remains constant (in the absence of increasing alignment, see Section 2 .8 ) 
so as I  increases, more and more rotational energy is needed per unit increase in 
the total angular momentum.
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Figure 2.3: Diagram showing /?, 7  (quadrupole) and octupole vibrations looking 
along the symmetry axis [13]. The dashed circle represents the cross-section of a 
non-vibrating, axially symmetric nucleus.
2.3.2 V ibration
Another way in which nuclei can generate collective angular momentum is by 
vibrating [14]. In this case, vibrational quanta called “phonons” of multipolarity 
A, carry the energy. Dipole (A=l) vibrations correspond to translations of the 
centre of mass of the nucleus and therefore cannot be produced by internal forces 
if the protons and neutrons move together. Phonons of A=2 produce low-energy 
quadrupole vibrations, which can take two forms. The first, (3 vibrations, are 
shape oscillations directed along the symmetry axis, see Figure 2.3. The angular 
momentum vector for such oscillations is perpendicular to the symmetry axis, 
therefore, such bands are based on H  =  K'^ ~  0"^  states. (The parity, tt, is 
given by (—1)^.) A second type of quadrupole vibration produces oscillations in 
the 7  shape parameter. Gamma governs the deformation at right angles to the 
/?2 deformation axis. Thus the angular momentum vector of 7  vibrations points 
along the symmetry axis (assuming a mean 7  of zero, the nuclei will on average 
be axially symmetric), which gives rise to bands based on H  =  2 + states. 
Gamma and (3 phonons can couple together to produce other combinations of 
states, but always with positive parity.
Octupole vibrations are associated with A=3 phonons. Such oscillations, rep­
resented in Figure 2.3, are more difficult to visualise but they produce bands
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based on =  /^ =  0 ~, 1“ , 2 " and 3~ states. Although the H  = 3“ level is 
a purely octupole vibrational state, the bandheads are able to have angular mo­
mentum of less than 3 by coupling with the back rotating nuclear core. This back 
rotation can partially cancel the component of angular momentum of the phonon 
along the rotation axis, resulting in a AT<A bandhead. As shown in Appendix A, 
this produces an energy minimum.
2.4 Q uasiparticle excitations
In the Liquid Drop Model the binding energy due to the pairing force {Bp) is 
accounted for by Equation (2.12).
Bp = Xl/2 “
where ^%12 MeV empirically [15]. Such a pairing force favours even-even nuclei 
over odd-N and/or odd-Z nuclei, and as a result the binding energy due to the 
pairing is higher for even-even nuclei making them more stable. Nilsson model 
calculations treat this pairing effect as a perturbation of the mean field Hamilto­
nian of the nucleus.
The probability amplitudes for the orbital being occupied and unoccupied 
by a pair of particles are Vk and Uk respectively such that
+  =  l  (2.13)
For a nucleus in its ground state pairs of nucleons occupying orbitals close to 
the unoccupied levels can scatter to the “empty” single-particle states. However, 
when a particle is excited to a previously unoccupied single-particle level the 
energy, is changed because pairs of particles cannot scatter to singly occupied 
orbitals (this is called blocking). The state at the new energy is now called a 
single-quasiparticle state with an energy
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E t  =  (2.14)
where ^  is the Fermi energy lying in the region between the occupied and unoc­
cupied levels. A precise definition is given by Equations(2.16) and (2.17). A is
the pair gap given by,
A =  G utvt (2.15)fCÿl~lCj
where kj represents the indices of the singly occupied orbitals. G is called the 
monopole pairing strength and is the strength with which a pair of particles, in 
time reversed orbits, interact.
From the definition of in Equation (2.13) the total number of particles is
=  (2.16)k
and the probability of a state being occupied
- —  (2.17)
Equations (2.16) and (2.17) define the Fermi surface fi. (In a macroscopic system 
the Fermi level is defined as the energy at which the occupation probability is 
equal to one half. However, for a nuclear system there is likely to be no state at 
such a point.)
2.5 ii'-isomers
Nuclei in the A%180 region have both neutron and proton orbitals with large 
spin projections on the symmetry axis, Q, occurring near the Fermi surface. This 
results in intrinsic multi-quasiparticle states with aligned spins, K ,  competing 
with collective rotational states to generate angular momentum. Nuclei in this
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mass region are strongly prolate-deformed which means that K  is an approxi­
mately good (conserved) quantum number. This arises from the total angular 
momentum vector, / ,  having a small projection on the rotation axis (i.e. I ^ K )  
which can therefore precess around the symmetry axis, conserving K. This gives 
rise to selection rules for K, which, for an allowed transition is as follows:
AA: < A (2.18)
where A K  is the change in K  between the initial and final states and A is the 
multipolarity of the transition. The degree of K-forbiddenness for a transition, 
I/, is defined in Equation (2.19).
f/ =  AK -  A (2.19)
If a transition is not A-allowed the lifetime of the state is increased compared 
to the normal single-particle values. Empirically, each degree of fC-forbiddenness 
increases the lifetime of the state by a factor of <^20 for highly forbidden transi­
tions. This is expressed as the hindrance per degree of AT-forbiddenness (or the 
reduced hindrance) defined as.
1^/2fWh / 2
i/i/
=  [F w f ' '  (2 .2 0 )
where i^Y/2 is the partial 7 -ray half-life and tjyg is the Weisskopf single-particle 
estimate. This allows transitions of different energies and jRT-forbiddenness to be 
compared. For low-lying high-AT states, A K  can easily be as high as 8 , as in the 
classic example of the — 16"^  isomer in ^^ ®Hf [1], which decays to a K'^ =  8 “ 
band and has a half-life of 31 years [2]. Transitions of high multipolarity can 
reduce K" by a larger amount than dipole or quadrupole transitions and at the 
same time lower the degree of AT-forbiddenness. However, lifetimes increase with 
the multipolarity and so high-AT states can still be long lived even if they do not 
decay by Fl-forbidden transitions, especially if the transition energy is small. An
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extreme case is the naturally occurring =  9“ [16] “spin-trap” isomer in ®^®Ta, 
which decays (if at all) by a 75 keV A =  8 transition to the H  =  I'*' ground-state 
with ti/2 > 10^  ^ years [17].
2.6 Branching ratios and g-factors
States in rotational bands, of the type discussed in Section 2.3.1, can decay by 
either stretched E2 transitions or by mixed M1/E2 transitions (for bands with 
both odd and even spin members). Stretched E2 transitions are assumed here 
to be of pure multipolarity because any admixture of M3 (or higher multipoles) 
will be very small. When rotational levels decay by both A I  =  1 and A I  — 
2 transitions, the 7 -ray branching ratio can provide information about the
underlying nuclear structure upon which the band is built.
The following expression can be derived (see Appendix B) for the intrinsic 
g-factor, qk, of a given rotational band [18],
_  0 .9 3 3 -     (2 .2 1 )
Q o 5 y / { P  -  1)
where qr is the rotational g-factor, Qo is the intrinsic quadrupole moment in units 
of e b and Ei and E 2 are the transition energies (in MeV) of the A I  — 1 and 2 
transitions respectively, from an initial state with spin / .  The quadrupole/dipole 
mixing ratio 6  is related to the quadrupole admixture (q) by,
-  (2 .2 2 ) ^ 1 +  52 { I - K - l ) { I  + K - l ) ( I  + l ) E l
Equations (2.21) and (2.22) are particularly useful in the analysis of rotational 
band properties. The factor should be a constant for a given rotational
band because all of the states are built on the same bandhead configuration. 
However, it should be noted that since the branching ratio Xb is proportional to 
(Equation (2.22)), and the ratio is proportional to |  (Equation (2.21)),
CHAPTER 2. NUCLEAR STRUCTURE  17
only the magnitude of the ratio {qk — gR)/Qo can be found from the branching 
ratio. The rotational g-factor is generally given by . However, qr can be 
significantly different from this depending on the configuration. The expressions 
of Belyaev [19] and Migdal [20] take in to account the change in pairing energy 
and the deformation, yielding a configuration dependent rotational g-factor,
Z J t  +  N J ,
where Z  is the proton number and N  is the neutron number. ^  and Ji  ^ are the 
proton and neutron moments of inertia respectively, given by
where the classical rigid moment of inertia for a prolate spheroid is
Jrigid  — -M R ? ^ ^ { 1  p  - ^ 2 ) (2.25)
M is the mass of the nucleus, Rav (= 1 .2 A /^  ^ fm) is the average radius, /?2 is the 
quadrupole deformation parameter defined in Equation (2.3) and
X... =  (2.26)
where ô is the quadrupole deformation parameter given by Equation (2.5), 
are the neutron and proton pairing energies which are discussed in Chapter 3 and 
LJo is the Nilsson model oscillator frequency given by.
hujQ = 41A ^/^[l H- -  ^— —— ^] MeV for neutrons (2.27)
and
huo — 41A"^/^[1 — ^ for protons (2.28)
from Ref. [21].
Once the experimental g-factors have been extracted for a given band, they 
can be compared to the expected g-factor for a given configuration. For a band
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built on a multi-quasiparticle state the value of qk can be calculated using the 
following equation.
=  4-^22) (2.29)
Where A and E are the projections of the orbital angular momentum and intrinsic 
spin on the symmetry axis respectively for a particular particle (Figure 2.2). Their 
values may be calculated from the Nilsson model, pa and qt, are the corresponding 
g-factors. is 0 for neutrons and 1 for protons, and gÿ^^ is +5.59 for protons and 
—3.83 for neutrons. These values for g^ are attenuated from their “free” values by 
a factor commonly found to be 0.6 [22]. It should be noted that the asymptotic 
Nilsson wave functions and corresponding quantum numbers (Section 2 .2 ) are 
valid in the limit of large deformations. As a consequence of this Equation (2.29) 
works well for orbitals with large K  projections but is less satisfactory for low-FT 
orbitals (e.g. the 1/2[510] neutron orbital) where there may be significant mixing 
in the wave function and thus contributions from orbitals with different I values or 
even from different shells. This mixing can be calculated and the non-asymptotic 
wave functions used for the calculation of the intrinsic g-factor. In this instance 
Equation (2.29) is usually written as
i^ te  =  E f e n  =  E f2 [sA  +  ( S E - f f A ) ^ - ^ ]  (2.30)
where <ss> is the expectation value of the intrinsic spin. The values of <S3> 
are tabulated in Refs.[23, 24].
2.7 Tw o-level m ixing
In Section 2.3.1 the phenomena of backbending was introduced and explained in 
terms of band crossings [25]. When bands cross they can interact or mix. Mixing 
occurs when two bands with levels of the same spin and parity lie close in energy 
(i.e. the states have a large overlap) and the corresponding levels from each band
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repel each other, thus causing an apparent change in the moment of inertia. The 
sections below describe quantitatively how the strength with which two bands 
interact can be calculated.
2.7.1 T w o-state m ixing
Consider two states from different bands in the region where the bands cross, 
as shown in Figure 2.4. Both of the states have the same spin, I  and parity, 
7T. The wave functions for the two states ipi and -0 2 , can be written as a linear 
combination of the two wave functions involved in the mixing,
-  P h ,  ^ 2  =  p(j>i +  a(f>2 (2.31)
where (j)i and (f>2 are the pure wave functions for bands 1 and 2 and a  and p
are the amplitudes of the major and minor components in the wave functions
respectively, i.e. a>/?, and cP+p‘^ ^1. From the perturbed (observed) energies 
(Eobs) of the two levels, it is possible to find the unperturbed energies, and vice 
versa, given an interaction matrix element V, such that
(2.32)
E 2 j  y  <p2 J  \  J
where E f  and E ^  are the unperturbed energies of the upper and lower states 
respectively. The two solutions for Eobs can be found by simply rearranging 
Equation (2.32) and then diagonalising the resulting matrix, leading to,
-El,2 =  i[(Si+ -f E ^) ±  ^ J ( E t - E ^ f  + AV^ ] (2.33)
{El goes with the plus sign.) Conversely, the solutions for the unperturbed 
energies, expressed in terms of E\ and E 2 are found by solving the conjugate of 
Equation (2.32) (i.e. |Vp-4—|V|^), resulting in.
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= 5  [(El +  E 2 ) ±  \/(E i -  E ^y -  4V2 (2.34)
Expressions for the coefficients of (f>i and ^2? namely a  and /?, can be found 
by substituting the solution for Eobs into Equation (2.32). Manipulating the 
resulting equations leads to the following expressions.
where \Ei — Ei\ 
and final states.
P
+ (£;+-Si)2l
=  / [ I  -a (2.35)
1^2 — E 2 I =  61,2 is the energy difference between the initial
Figure 2.4; Two-level mixing. The dashed lines represent the unperturbed (pure) 
states and the perturbed (experimental) levels are shown by solid lines. V  is the 
mixing matrix element. For an explanation of other symbols see text.
2.7.2 T w o-band m ixing
Extending the situation of two-state mixing, as discussed in Section 2.7.1, leads 
to a description of two-band mixing, as presented below. Figure 2.5 shows four 
different situations of two-band mixing where the two bands have different K  
values, K\ and K 2 - To enable the mixing matrix element, V, to be calculated
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it is useful to try and reproduce the experimental out-of-band to in-band 7 -ray 
branching ratio. In addition to V, this ratio depends on the mixing amplitudes a, 
p, 7 , and Ô (Figure 2.5), the Clebsch-Gordon coefficients between the initial and 
final states and the energies of the states. Equations (2.35) give expressions for 
a  and p  in terms of the energies of the two highest states, Ei and E 2 . Similarly 
for the two lower states, E^ and E^,
V2{S+-E3)2J
T =  \/[ l  -  5^ 1 (2.36)
where j  > â, = 1  and the energy difference — E^\ = \EI^ — E4 I =  63,4
is the perturbation caused by the mixing.
The reduced transition rate for a given 7 -ray (B(LA), where A is the mul­
tipolarity and L is either M (magnetic) or E (electric)) depends on the mixing 
amplitudes of the initial and final states and also on the Clebsch-Gordon coef­
ficients. Considering a multipolarity of E2 only, a transition from a state with 
/ ,  Ki to another state with I  — 2, Ki has a Clebsch-Gordon coefficient Ci [26].
Cl = 3(7 -  %i)(7 -  -  1)(7 +  %i)(7 +  FTi - 1 )( 2 / - 2 ) ( 2 / - l ) J ( 2 /  +  l)
Substituting Ki for K 2 gives an expression for C2 . The ratio of these coefficients 
is defined as, c =  C2/C1. For example, the reduced transition rate from level Ei 
to Es, as shown in Figure 2.5a is given by,
S ( E 2 ) i^ 3  oc (ciaS + (2.38)
The quadrupole moment Qo is assumed to be the same for the initial and final 
states.
Using Equations (2,35), (2.36), (2.37) and (2.38), the ratio R, of the out-of- 
band to the in-band reduced transition rates, can be calculated for any given
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In-band destructive interference
1-21-2(Y.5 )1-2 1-2
(a-(l)(P.«)
E4(Y- 5  )1-2 1-2
1-21-2
Out-of-band destructive interference
Figure 2.5: A plot showing the four diflPerent types of two-band mixing. In-band 
destructive interference is represented in a and b. This is the situation where the 
bands are crossing. Out-of-band destructive interference is shown in c and d which 
occurs when the bands are not crossing, a, (3, 7 , and 6  are the coefficients of the 
K\  and K 2 components in the different levels. The Ki  component is quoted first 
for each level. The arrows represent in-band (vertical) and out-of-band (diagonal) 
7 -ray transitions.
mixing matrix element V. For each of the four cases shown in Figure 2.5,
Ra ~ ciaS -t- C2 P'y\^ f  aô + c/3'y\c ia j C2i3à)
__ / P'y-\-ca6 'Ÿ  
 ^ \j3S ~ c a jJ
\ a j  -}- cpd J
D _  ( P 'y -co ‘^ Ÿ (2.39)
This ratio R, is equal to the reduced out-of-band to in-band branching ratio, 
i.e. the 7 -ray branching ratio with the energy dependence of E^, removed. Thus,
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V  can be found for any given value of R, but is usually calculated between the 
two closest lying states in the two bands. V  is constrained to be less than or 
equal to with the maximum value corresponding to initially degenerate
levels, and V  is zero when there is no mixing.
2.8 A ligned angular m om entum
Bands built on configurations containing orbitals which tend to align strongly 
with the nuclear rotation axis were briefly discussed in Section 2.3.1.,
A particle in a given orbital of angular momentum j  in a state with a total 
nuclear spin I  feels a Coriolis force oc I  j  [27] aligning it with the nuclear rotation 
axis. It follows therefore, that the bands exhibiting the most alignment due to the 
Coriolis interaction are those built on configurations containing high-j particles, 
in particular those occupying the 213/2 (neutron) and h u / 2  (proton) orbitals (in 
the mass-180 region). For these orbitals the Coriolis force can contribute over 1 
MeV, compensating for the reduction in pairing energy (Chapter 3) at high spins.
The total aligned angular momentum can be obtained for a given observed 
transition [28] from
4  =  t o l A )  (2.40)
where
+ 1 ) - K ^  (2.41)
from Pythagoras’s theorem where P  and N  are the total angular momenta of the 
initial and final states respectively and K  is the projection of the total angular 
momentum on the symmetry axis. This method gives the average aligned angular
momentum for the transition as opposed to the standard technique [29] of calcu­
lating the aligned angular momentum for the average spin of the 7 -ray transition, 
where T  1)— Although the differences between these two
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methods are generally small, they can be significant at low rotational frequencies 
as shown by Purry et ai [28]. All the alignments extracted in the following chap­
ters are found using Equation (2.40) and plotted against rotational frequency, Huj. 
This quantity is calculated from the energy of a rotor, E  = cjlxh. Manipulating 
this gives Einuiai ~  Efinal = E j = -  / / ) ,  yielding the expression
hu) = (2.42)
4  - l i
In many of the plots showing the “net” aligned angular momentum, for a 
rotational band as a function of rotational frequency, a subtraction is made of the 
form where I  is the total angular momentum and and
J'l^^ are the Harris reference parameters [30] with units î f  MeV~^ and MeV“  ^
respectively. These parameters are found by fitting the first few transitions in 
the ground-state band with the above function. The effect of this is to expand 
any differences between bands, allowing the net alignments for different bands 
and nuclei to be contrasted easily.
The graphs of total alignment versus frequency (with no subtraction) can be 
used to extract the kinematic and dynamic moments of inertia for a band, defined 
as
=  h — and J ®  =  (2.43)w düj
respectively. For a specific rotational band in a nucleus and will differ 
(they are the same for a rigid body) revealing information about the bulk and 
quasiparticle motion.
Chapter 3
C alculations
In the following sections, the theoretical calculations, used for comparison with 
experimental data, are described.
3.1 Blocked BC S theory
For several of the nuclei discussed in the following chapters, “blocked BCS” cal­
culations as described by Jain et al [31], have been performed to estimate the 
energies of multi-quasiparticle configurations, which can then be compared to the 
experimental data.
BCS theory [32] (Bardeen-Cooper-Schrieffer after its developers), was first 
used to explain superconductivity in metals (which are macroscopic). It was 
suggested that the energy gap observed in the electronic excitation of super­
conductors is analogous to the energy gap observed in the excitation spectra of 
even-even nuclei [33], both of which deviate from independent particle motion 
(a Fermi gas). In superconductivity, electrons with equal and opposite momenta 
are correlated. Similarly, a pairing force between nucleons in time reversed orbits 
can reproduce the energy gap between the ground-state and first excited intrinsic 
states in nuclei.
When applied to the nucleus, a microscopic system, the sharp transitions ob­
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served in the properties of superconducting metals would be expected to become 
gradual changes. As a superconductor is heated, at some critical temperature 
the superconductivity is lost. Increasing the internal energy of nuclei has the 
analogous effect of destroying the pairing. Similarly, rotating a nucleus is analo­
gous to the application of a magnetic field to a superconductor. Empirically the 
destruction of pairing in nuclei is manifest as an increase in the effective moment 
of inertia, J" [34]. As angular momentum is added to the nucleus pairs of nucle­
ons are broken and align with the rotation vector I .  This results in an increase 
in the moment of inertia from the ground-state superfluid value which is about 
half that expected for a rigid rotor. The nuclear analogue of rigid rotation is all 
the particles acting independently (i.e. unpaired). At high angular momentum 
and/or high internal energy one might expect the nucleus to approximate such a 
case, as more and more pairs of nucleons are broken [34].
3.1.1 Pairing and blocking
BCS theory treats the pairing effect as a perturbation of the mean field Hamil­
tonian of the nucleus. To calculate the energy of a quasiparticle from the single­
particle (Nilsson) energies, only the orbitals closest to the Fermi level need to 
be considered. This is because the probability of excitations and scattering (see 
Section 2.4) to an unoccupied state is highest for particles near the Fermi sur­
face. The quasiparticle energies for a state k are given by Equation (2.14) and 
the pair gap. A, is given in Equation (2.15) (A =  G ^  UkVk)- A is proportionalkî k^j
to G (the monopole pairing strength) because as the strength of the interaction 
between two particles increases, more energy is needed to break a pair and form 
multi-quasiparticle states. Thus, G can be thought of as a scaling factor for 
the multi-quasiparticle excitation spectrum and is chosen to produce the correct 
excitation energy for the lowest 2-quasiparticle states. In the ApdlSO region it 
is possible to treat neutrons and protons separately since they occupy different
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shells. Hence, there is a neutron pair strength, and a proton pair strength, 
Gtt, which are treated independently.
Equation (2.15), for calculating A, involves a sum over single-particle states 
k. However, some of these states may be occupied by quasiparticles and as 
a result these states must be removed (or blocked) from the sum since paired 
particles cannot scatter to singly occupied orbitals. This leads to a reduction in 
the pairing energy, and is important in producing an accurate multi-quasiparticle 
energy spectrum. It is the main difference between blocked BCS theory and 
ordinary BCS theory. The latter approximates the multi-quasiparticle energies 
by summing over all of the single-quasiparticle states, i.e. with A =  G'^Uf-Vf-,kbut this approach does not yield an accurate energy spectrum.
3.1.2 M ulti-quasiparticle calcu lations
To perform the calculations, the deformation parameters é2 and 64 (Section 2 .2 ) 
along with N, Z, Gu and G^ r are required. The Nilsson single-particle energies, 
Sk, are calculated and those near the Fermi surface can be adjusted to produce 
the correct single-quasiparticle energy differences E^ (Equation (2.14)) in the 
neighbouring odd-mass nuclei. (Experimentally the Fermi level is not known, 
only the energies relative to the ground state.) To obtain the multi-quasiparticle 
energies, Emqp^  it is necessary to calculate A for each configuration of like particles 
(protons and neutrons), blocking the appropriate orbitals. Since Vk and Uk (the 
occupation amplitudes) are dependent on A, this is an iterative process sd as to 
be self consistent. Finally, the neutron and proton configurations are combined, 
which is a straightforward sum of the two energies, yielding
=  (3-1)ht/ Aljr
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3.1.3  R esidual in teractions
In the mean field approach any interaction not accounted for is considered to 
be a residual interaction. BCS theory takes into account the pairing force and 
the blocking describes the non-independent particle motion, both of which are 
residual interactions. However, residual nucleon-nucleon interactions arising from 
the intrinsic spins of the particles are not included in blocked BCS calculations, 
although the shifts these can cause are only a few hundred keV. Such interac­
tions favour couplings of like particles with opposite intrinsic spin projections 
and unlike particles with the same spin projections [35]. From this empirical 
rule, the states which are most favoured, for a particular configuration, can be 
found. Jain et al [36] have compiled splitting energies between proton-proton, 
proton-neutron and neutron-neutron orbitals in the mass 180 region, but the data 
are limited and calculations of these energies are not accurate. In the chapters 
that follow, ‘residual interactions’ refers to these nucleon-nucleon intrinsic spin 
coupling energies.
3.2 Potential-energy-surface calculations
To calculate the shapes and energies of specific multi-quasiparticle configurations, 
Xu et al [37] have developed configuration-constrained Potential-Energy-Surface 
(PES) calculations that include the 7  shape degree of freedom.
The total energy for a given nucleus and configuration is calculated for a range 
of ^ 2  and 7  using,
Hfofa/(/^2) ^ 4) — Ljjfiacroscopic ^shell—c o r r e c t io n ^ p a ir in g
such that at every point on the /?2 -7  plane the total energy is minimised with re­
spect to ^4 . The quadrupole deformation parameters A  and 7  were introduced in 
Section 2.2, along with the hexadecapole deformation parameter P4 . Emacroscopic 
is calculated using the Liquid Drop Model (see below in Section 3.2.1) with the
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original parameters [38]. Eshell-correction (also Section 3.2.1) is found using the 
Strutinsky shell-correction [39] (microscopic), incorporating single-particle levels 
from a non-axially deformed Woods-Saxon potential [40]. The shell correction 
term is configuration independent. The pairing energy, Epairing, which is configu­
ration dependent, is obtained using the Lipkin-Nogami treatment of pairing [41] 
discussed in Section 3.2.2.
3.2.1 T he Liquid D rop M odel and shell corrections
The Liquid Drop Model (LDM) [38] describes the bulk properties of nuclei with 
terms taking account of the volume. Coulomb repulsion, surface area, symmetry 
(neutron to proton ratio) and pairing. However, although this empirical model 
can reproduce the average properties of most nuclei, there are significant devi­
ations from this near closed shells where the LDM underestimates the binding 
energy. It is therefore necessary to include a correction that takes account of this 
phenomenon in order to accurately calculate, for instance, ground-state masses as 
the differences can be more than 10 MeV. Near a closed shell the level density at 
the Fermi surface (Section 2.4) is very low and this leads to extra binding energy. 
Qualitatively this is because the nucleons are occupying “deeper” orbitals. The 
shell effects can therefore be thought of as arising from fluctuations in the level 
density around the Fermi surface. The method for incorporating these effects 
is called the Strutinsky shell correction (or renormalisation approach) [42]. The 
shell correction energy to the LDM energy in Equation (3.2) is
/ M ^{é^sds (3.3)
-oo
where g{s) is the mean (or smoothed) energy density of the single-particle states 
at energy e. The Fermi energy, /i, corresponding to g(s) is determined from
n — 2 /  g{s)de (3.4)J —-OO
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such that the total number of particles, n, is conserved [42].
3.2.2 D iabatic b locking and L ipkin-N ogam i pairing
In order to block the correct orbitals when calculating the pairing term, they 
are followed by examining the expectation values of their approximate quantum 
numbers (diabatic blocking), (N),  (n^), (A) and introduced in Section 2.2. 
This differs from the adiabatic approach in which the lowest energy orbitals are 
blocked. As /?2 and 7  are varied the single-particle orbits can cross leading to 
incorrect blocking. The technique of diabatic blocking, used here, identifies the 
orbitals by their quantum numbers, removing this ambiguity. The expression for 
the Lipkin-Nogami pairing energy [37] that appears in Equation (3.2) is
^ N — S
Epairing ~  ^  - G  ^   4Ag ^  (UkVk)^ (3-5)
j= l k ^ k j  k ^ k j
where S  is the seniority of the proton or neutron configuration which corresponds 
to the number of singly occupied (blocked) orbitals with index kj. N^^t^ is the 
number of neutrons or protons in the nucleus and Ag (a Lagrange multiplier) is 
a function of Vk and G. This (A2) is sometimes called the number fluctuation 
constant as it corrects for the fluctuation in particle number. For a definition of 
other terms see Section 2.4.
The quasiparticle energies for an odd nucleon in an odd-A nucleus are given
by
Ek =  \j{sk ~  4- +  A2 (3.6)
where is the Fermi energy. Unlike the BCS calculations, in the actual calcu­
lations there is no adjustment of the single-particle energies, and the monopole 
pairing strengths are not fitted to the observed energies of the 2 -quasiparticle 
states, but are calculated. Since the difference between the ground-state single­
particle level and the Fermi surface will be small for an odd-A nucleus, jE)k%A+A2 .
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(For an odd-A nucleus the ground-state orbital is only ha//occupied and so is ex­
pected to be close to the Fermi level.) In the Lipkin-Nogami model A -f A2 is the 
odd-even mass difference. The pairing strengths, G, can therefore be obtained by 
fitting A 4- A2 to the experimental odd-even mass difference, A®®^ . For example, 
for proton pairing in an even-even nucleus,
=  - 1  [M{Z +  2, TV) -  4M (Z +  1, N)O
-k 6 M(Z, N) -  4M (Z -  1, N) +  M (Z -  2, IV)] (3.7)
This is called the average gap method [41]. Furthermore, in Ref. [37] the calcu­
lation includes blocking and deformation effects. The latter is necessary due to 
the differences in the shape parameters between neighbouring nuclei (which are 
contained in A®^ )^. This results in a renormalisation of the monopole pairing 
strengths to match theoretical and experimental odd-even mass differences.
The results of these calculations are the surface potentials for different con­
figurations the excitation energies of which can be compared to the experimental 
observations. As with BCS theory, for accuracies in the calculated energies better 
than '^lOO keV, residual nucleon-nucleon interactions (Section 3.1.3) should be 
incorporated.
Chapter 4
E xperim ental techniques
4.1 N uclear reactions
Although neutron-rich nuclei present possibilities for exploring new phenomena, 
such nuclei must first be produced in a quantity sufficient to allow their study. 
Reactions used in subsequent chapters and other reactions capable of introducing 
significant angular momentum to a given nucleus are discussed briefiy below.
Fusion-evaporation reactions
A common method of producing highly excited nuclei is via fusion-evaporation 
reactions. In this technique, two stable nuclei are brought together at an en­
ergy above the Coulomb barrier; the resulting compound system subsequently 
evaporates nucleons before decaying by 7 -ray emission. However, such a process 
produces nuclei on the neutron-deficient side of the valley of stability. This is 
because stable light nuclei such as the target and projectile have a lower N/Z 
ratio compared to the heavy stable nuclei. In addition the compound system 
preferentially emits neutrons, leaving a more neutron-deficient nucleus. The a- 
and proton-emission channels are less probable for heavy compound nuclei near 
stability. In order to produce nuclei that are more neutron-rich with this tech­
nique, radioactive beams (or targets) can be used. One such projectile that is
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currently available is An experiment employing this beam is described in 
Chapter 7.
Deep inelastic reactions
Another method of populating high-spin states is by the use of deep inelastic 
reactions. Here, at energies above the Coulomb barrier, nucleons are transferred 
between the target and projectile with the direction of transfer tending to equalise 
the N/Z ratio of the system. (Compound-nucleus formation does not compete 
when the Z of the target and projectile is very high.) Neutron evaporation can 
also occur resulting in a large spread of nuclei between the beam and target. 
By using the most neutron-rich target and projectile combination possible in 
the relevant mass region, neutron-rich nuclei can be excited by neutrons being 
transferred to the target or projectile. Details of the yield distributions and 
angular momentum transferred for these reactions are described in Refs. [43] and 
[44] respectively. In addition, the target and beam nuclei themselves are highly 
excited, possibly by the transfer and subsequent evaporation of nucleons or other 
inelastic processes. This provides a novel way of studying stable and neutron-rich 
isotopes. One draw back with this method is the difficulty in identifying isotopes 
produced by transfer if insufficient is known in the region of study to use 7 -ray 
coincidences with known transitions between low-lying states. Ancillary detectors 
are difficult to use effectively with these reactions due to the large angular spread 
in the product nuclei, although there is a peak in the cross-section at the grazing 
angle. Often, coincidences with X-rays can be used to give the proton number. 
Another complementary technique uses the correlation of prompt partner nuclei. 
By identification of transitions in one of the products (beam-like or target-like), 
decays in the binary partner nucleus can be deduced [45]. Unfortunately this 
cannot be applied to off-beam events. An experiment employing this method of 
deep inelastic reactions is described in Chapter 5.
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O th er reactions
The Coulomb excitation of the nuclei of interest can introduce significant angular 
momentum, but does not populate states based on a different configuration to 
that of the ground state to any significant degree. Generally, only the ground state 
band and associated collective (i.e. vibrational) bands are populated, although if 
other configurations are populated in the decay of the collective structures, they 
might also be observed.
Fragmentation reactions involve very high-energy beams of nuclei being bro­
ken up, on a robust target, into lighter products. Such reactions produce a wide 
range of nuclei and so the experimental setup must include one or more ancillary 
detectors to select and identify the nuclei of interest. Due to the high speed of 
the fragments (typically v/c  ~60 %) it is difficult to collect useful prompt 7 -ray 
events. The principal advantage of these reactions is their ability to produce both 
neutron and proton-rich nuclei and this technique is suited to studies of isomeric 
decays [46] but is only sensitive to isomers with half-lives from ~1 to •^100 fis. 
The pursuance of this complementary approach is outside the scope of this thesis.
The fission of heavy nuclei into lighter products can lead to the population of 
very neutron-rich nuclei [47]. Some degree of selectivity is possible by choosing 
induced fission which is symmetric, or spontaneous fission which is asymmetric. 
Ancillary detectors are once again necessary to associate the 7 -ray decays with a 
given nucleus. However, fission leads to nuclei with significantly lower mass than 
those studied in this thesis.
The techniques described above are complex often including several reaction 
mechanisms. A detailed discussion of these is beyond the scope of the present 
work. For further details see Ref. [48].
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4.2 Angular distributions and DCO ratios
In fusion-evaporation reactions the compound nucleus is formed in a state with 
its angular momentum vector perpendicular to the axis defined by the direction 
of the beam. The subsequent evaporation of particles causes some smearing of 
the direction of the ‘polarisation’ but even so the nucleus retains a high degree 
of orientation for times of the order of nanoseconds. When a nucleus in such a 
state emits 7 -radiation the relative intensities at different angles with respect to 
the beam-axis depend on the multipolarity of the transition. Figure 4.1 shows 
the intensity distributions for dipole and quadrupole transitions as a function of 
angle, 9, to the beam direction.
A2=-0.3,A4=0A2=0.4,A4=-0.2
0.5
1
Figure 4.1: Angular distributions for an I - 4 I  — 1 dipole transition (solid line) 
and an J —>-7 — 2 quadrupole transition (dashed line). Zero degrees corresponds 
to the positive x-axis.
The 7 -ray intensity distributions at a given angle [49] are given by,
CHAPTER 4. EXPERIMENTAL TECHNIQUES 36
1(e) = AePeicosO) (4.1)
£=even
where Ai are the coefficients of the Legendre polynomials 7^ (cos
Po(cos^) =  1 
7^ (cos 0) =  i(3  cos  ^(9 — 1) (4.2)
7 4 (0 0 8  0) =  i(35  cos  ^0 — 30 cos  ^0 +  3)
Values for the coefficients Ai are tabulated in Ref. [50].
The different angular distributions for pure quadrupole and dipole radiation 
shown in Figure 4.1, allow multipoles to be distinguished by examining the rel­
ative 7 -ray coincidence intensities at angles approximating (for example) 0° and 
90°. This method (using Directional Correlations de-exciting Oriented states) is 
called DCO analysis [51]. For the data obtained using the NORDBALL detector 
array (Chapter 7) the respective angles are 37°, 143° and 79°, 101°. The DCO 
intensity ratio is thus defined as
7^2 (3 7 °, 143°) gated by 71(79°, 101°). . ,
7 y2 (7 9 °, 101°) gated by 7 1 (3 7 °, 143°)
Where 7 I is the gating transition and 1^ 2 is the area of the 7 -ray transition of
interest in the projected spectrum. The efficiency correction factor e is given by.
_  101°)x6^f (37°, 143°)
 ^~  £5 ‘’^ '*“” ’*(37“, 143‘’)x£®“*®(79°, lOl") 
taking into account the efficiency at both the gating energy (s^f ®) and the projec­
tion energy Gating on a stretched quadrupole transition gives ratios
of «1.0 for quadrupole transitions and «0.56 for pure stretched dipole radiation 
[52], although these numbers depend on the spectrometer. Mixed M1/E2 tran­
sitions can have a DCO ratio ranging from «0.3 up to «1.2. This can lead to
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ambiguities in the multipolarity assignment, but one advantage is that the sign 
of the mixing ratio, ô (Section 2.6), can in theory be determined for the mixed 
transitions [51]. A negative mixing ratio for an I -41 — 1 transition will lead to 
a reduction in the DCO ratio, such as for bands built on neutron configurations. 
A positive mixing ratio leads to an increased DCO ratio compared to that of 
the unmixed transition. This lends further support to the configuration assign­
ments from the g-factor information obtained from the in-band branching ratios 
(Section 2.6).
4.3 Internal conversion
There are two possible electromagnetic decay modes for excited nuclear states, 
namely 7 -ray emission and internal electron conversion. The latter of these in­
volves processes where inner shell electrons are emitted directly from the atom. 
Electrons in the atomic s-shell have the highest probability of being emitted due 
to their large overlap with the nucleus. The energy with which the electrons 
emerge is the transition energy minus the electron binding energy, which is shell 
dependent. (Note that s-shell conversion electrons cannot be expelled when the 
transition energy is below the s-shell binding energy.) Characteristic X-rays ac­
company this process when the vacancy (left by the emitted electron) is filled 
by electrons from outer shells. {Aside: alternatively, Auger electrons rather than 
X-rays can be produced which are the atomic analogue of internal conversion 
electrons.)
Electron conversion competes effectively with (or dominates over) 7 -ray emis­
sion for transitions of low-energy (^200 keV) and/or high angular momentum 
transitions (A>2). The probability of electron conversion is also higher (in gen­
eral) for magnetic transitions than for electric transitions of the same multipolar­
ity. For low-energy transitions the multipolarity can be determined by balancing 
the “missing” intensity in to and out of a given state. This method has the ad van-
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tage of providing parity information (if there are significant differences between 
the possible conversion coefficients) which cannot be obtained from DCO ratios 
(Section 4.2). Electron conversion coefficients are tabulated in Ref. [53].
Chapter 5
181Ta target isom ers
5.1 Experim ental m ethod
Deep inelastic reaction experiments have been performed at the Argonne National 
Laboratory using a 1600 MeV pulsed beam on the heaviest stable isotopes 
of ytterbium, lutetium, tantalum and tungsten. The targets used were ^74 W (16 
mgcm“^), 7^gTa (23 mgcm"^), 7^0Yb (6  mgcm“^), and ^71 Lu (>20 mgcm“ )^, 
and each target was backed by 43 mgcm“  ^ of lead. The beam from the 
ATLAS accelerator had a natural micro-pulsing period of 82.5 ns and was macro­
pulsed by a beam sweeper with time ranges of 1.65 fis (4 pulses on, 16 pulses off), 
16.5 fis (40 pulses on, 160 pulses off), 165 fis (400 pulses on, 1600 pulses off) and 
1650 fis (4000 pulses on, 16000 pulses off). The beam energy was chosen to be 
15 above the Coulomb barrier. Gamma-ray events were collected using the 
Argonne/Notre-Dame array of 12  Compton suppressed germanium detectors and 
a 50 element BGO inner ball. Of the 12 germanium detectors, all but the forward 
spectrometers had absorbers in front to reduce the number of X-rays measured; 
the forward emitted X-rays were absorbed by the lead backing on the target.
®[54, 55, 56, 57, 58, 59] and others have used beam energies in the range 10-30 % above the  
Coulomb barrier successfully for deep inelastic reactions. The value o f 15 % chosen here lies 
within this range.
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The master trigger condition required at least one germanium detector firing in 
the beam-off interval. For coincidences between 7 -ray events, there was a time 
window of 120 ns. The events obtained with each target were sorted into 4096 x 
4096 matrices and sliced to give background-subtracted projected spectra. The 
first matrix was built with all 7 -ray events in which two or more germanium 
detectors fired in the off-beam period. The analysis program XMESC [60] was 
used to slice these symmetrised matrices. A second matrix of 7 -ray transition 
energy versus time was sorted to obtain half-life information.
The original aim of this experiment was to look for isomers primarily in the 
transfer products in the target region. However, the target nuclei were populated 
very strongly by inelastic excitation (which here is taken to include more complex 
transfer/evaporation processes, providing the final nucleus is the same as the 
initial target nucleus) and dominated the out-of-beam events. New high-spin 
isomeric states have been identified in all but ^^ ®Yb. (The 11 s two-quasiparticle 
isomer observed in the ytterbium target is known from previous work [61].) Three 
new isomers have been found in ^®^ Ta and two in with half-lives ranging
from hundreds of nanoseconds to longer than 3 milliseconds. A new isomer was 
also observed in ^^^Lu. In addition to these new target isomers, a large range of 
known isomers in multi-particle transfer products have been observed, though so 
far these are restricted to target-like nuclei. This may be because transitions from 
isomers in the uranium region tend to be of low energy and consequently highly 
converted, below the sensitivity of this experiment. In addition, nuclei produced 
from transfer on the uranium beam can fission directly, and isomers resulting from 
this process have been identified. The results from the target are presented 
in Chapter 6 and those from the ^®^ Ta target can be found in the sections below. 
The ^^^Lu isomer and other partial results from this work are reported in [62].
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5.1.1 C ross-sections for isom eric sta tes
For several of the new isomers observed with the tantalum target (this chapter) 
and the tungsten target (Chapter 6 ) population cross-sections are quoted. These 
are calculated using the formula,
where A  is the total intensity, in counts, of the de-populating transitions (includ­
ing electron conversion), e is the absolute efficiency of the germanium detector 
array, Ibeam is the beam intensity in particles per second, Ntarget is the number of 
target nuclei per square centimeter and Tirrad is the irradiation time in seconds. 
The factor of 10^  ^ converts the cross-section to barns. The absolute efficiency 
of the Argonne/Notre-Dame array is estimated to be e =  0.35 % at 1.3 MeV 
[63]. The effective target thickness for both tantalum and tungsten is taken to 
be 6 mgcm"^. This is the thickness after which the beam will be below the 
Coulomb barrier for the target nuclei. This value is approximate and therefore 
the final production cross-sections are quoted with a minimum uncertainty of 
±10 %. The total transition intensities (A) are found from the peak areas in the 
off-beam singles spectrum. The areas are then corrected to account for electron 
conversion and scaled by the relative efficiency at 1.33 MeV. Using the singles 
spectrum avoids any further efficiency corrections due to higher fold events.
5.2 R esults
The new isomeric states that have been observed in ^®^ Ta are shown in Figure 5.1. 
They feed the previously known =  9/2“ band [9], which has been extended 
here to 25/2“ . A 1-quasiparticle K'^ =  1/2“ , 18 fis isomer [64] at 615 keV 
feeding the 77  ^=  7/2“ ground-state band [65], was also strongly populated. The 
=  9 / 2 “ bandhead is isomeric, decaying by a multiplicity one, 6 .1  fis dipole
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transition to the ground-state [6 6 ], but this decay was not observed due to its 
low energy (6  keV). The configuration of this state is 7r{|~[514]}. More recent 
work by Dracoulis et al. [67] and Saitoh et al. [6 8 ] using the 7^oYb(^5B,0 '2n)^|3Ta 
reaction has further extended the ^®^ Ta level scheme. The results from these 
studies are generally in good agreement with the results presented here and in 
Ref.[62]. Table 5.1 lists the transitions, together with the relative intensities 
and spin and parity assignments. The properties of the new isomeric states are 
discussed in Section 5.3. The half-lives for the new long-lived states are obtained 
from a least-squares fitting of the background subtracted time spectra. When 
making assignments only E l, Ml and E2 multipolarities are considered where 
prompt decays (<1 ns) have been established. For states with multiple decays 
spin and parity assignments are chosen to give consistent relative 7 -ray branching 
ratios. Finally, for low-energy transitions, intensity balancing is used to yield a 
total electron conversion coefficient (Section 4.3). Comparison with theoretical 
values [53] can give the multipolarity of the transition.
5.2.1 K'^ =  21/2” isom er
The isomer at 1484 keV has been observed here with U/2 =  25±2 /is, shown in 
Figure 5 .2 , populated with a cross-section of 56±6 mb. The half-life is confirmed 
by the ti /2 =  23jl2 value published by Dracoulis et al. [67]. The spin and 
parity assignment has been determined from the relative transition intensities for 
the 7  rays de-populating the isomer. The strongest branch is via an intense 456 
keV decay to the 19/2“ level in the == 9/2“ band. This competes with a 711 
keV transition and a low energy 177 keV decay. A 21/2"^ assignment is ruled out 
because a 711 keV magnetic quadrupole transition would not compete effectively 
with electric dipole transitions. For spin and parity assignments of 19/2"^ and 
19/2“ the multipolarity of the three transitions from the isomer would be E l or 
Ml respectively, and the higher energy transition (711 keV) should be the most 
intense. A K'^ =  2 1 / 2 “ assignment for the 25 fis isomer is the only spin and
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Table 5.1: Energies, assignments and relative 7 -ray intensities for transitions 
observed in ^fjTa. (The relative 7 -ray intensities are those obtained from the 165 
jjLS range data.)
(keV) E i E f A A:),130.3 2229 2098 1.9(3) 29/2-,29/2 (23/2+,21/2)
151.6 (1955) (1804) — — —
152.1 158 6 58.3(30)'' l l /2 - ,9 /2 9/2-,9 /2
176.9 1484 1307 7.8(5) 2 1 / 2 “ ,2 1 / 2 21/2-,9/2
179.0 337 158 63.1(34) 13/2-,9/2 ll /2 - ,9 /2
188.3 (1591) 1403 — — (15/2-,15/2)
205.0 542 337 49.4(21) 15/2-,9/2 13/2-,9/2
212.3 (1804) (1591) — — —
230.6 773 542 45.5(18) 17/2-,9/2 15/2-,9/2
255.1 1028 773 40.7(16) 19/2-,9/2 17/2-,9/2
279.4 1307 1028 13.2(7) 2 1 / 2 -,9 /2 19/2-,9/2
292.6 2098 1805 26.3(18)" (23/2+,21/2) (2 1 / 2 +,2 1 / 2 )
295.4 2229 1933 13.3(6) 29/2-,29/2 25/2-,9/2
301.6 1608 1307 2.3(3) 23/2-,9/2 21/2-,9/2
321.5 1805 1484 31.5(18) (2 1 / 2 +,2 1 / 2 ) 2 1 / 2 - , 2 1 / 2
324.9 1933 1608 4.6(3) 26/2-,9/2 13/2-,9/2
331.8 337 6 3.6(5) 13/2-,9/2 9/2-,9 /2
384.0 542 158 9.9(7) 15/2-,9/2 ll /2 - ,9 /2
435.7 773 337 14.2(9) 17/2-,9/2 13/2-,9/2
456.3 1484 1028 48.2(19) 2 1 / 2 - , 2 1 / 2 19/2-,9/2
485.7 1028 542 17.0(9) 19/2-,9/2 15/2-,9/2
534.4 1307 773 7.4(5) 2 1 / 2 -,9 /2 17/2-,9/2
580.8 1608 1028 1 .8 (2 ) 23/2-,9/2 19/2-,9/2
626.3 1933 1307 4.6(4) 25/2-,9/2 2 1 / 2 -,9 /2
711.2 1484 773 17.3(11) 2 1 / 2 - , 2 1 / 2 17/2-,9/2
860.7 1403 542 0.5(3) (15/2-,15/2) 15/2-,9/2
1065.9 1403 337 6.9(11) (15/2-,15/2) 13/2-,9/2
1245.1 1403 158 9.5(19) (15/2-,15/2) 1 1 / 2 -,9 /2
® From intensity balancing due to contamination of peaks in the singles spectrum.
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Figure 5.1: Decay scheme for the isomeric states in ^®^ Ta discovered in the present 
work. The width of the arrows is proportional to the 7 -ray intensities (black) and 
electron conversion (white), except for de-excitations from states represented by 
dashed lines for which the placement is tentative and intensities are generally 
weak.
parity that is consistent with the measured relative 7 -ray intensities.
The 3-quasiproton configuration 7t{ |~ [514], |"''[404], |"^[402]} is proposed by 
comparison with blocked BCS calculations (see Section 5.3.3).
5.2.2 K'^ = 29/2“ isom er
An isomeric state with ti / 2  =  210±20 /iS, at 2229 keV has been observed that 
decays to the H  =  25/2“ member of the =  9/2“ band via a 295 keV 7 -ray 
transition (see Figure 5.3). The observation of the 302 and 325 keV transitions 
and the corresponding E2 crossovers, which continue the systematics of the K'^ =  
9 / 2 “ band, allowed the band to be extended beyond the previously known 2 1 / 2  
h state [9]. The production cross-section for this isomer is 30±5 mb.
A 27/2“ assignment for the isomeric state can be ruled out by the absence of
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Figure 5.2: A time spectrum gated on 7 -rays below the 2 1 / 2 “ isomer. The solid 
line is for a two component half-life with the values given.
a 620 keV quadrupole transition to the 23/2" state in the K'^ = 9/2" band. 
A 27/2'*' assignment is also unlikely because no competing E2 transition to 
the 23/2'^ state at 1863 keV [67] in the ground-state =  7/2’*') band has 
been observed. This would be expected to compete with an E l decay to the 
■= 9/2" band as for example in ^^^Hf [69] and ^^^Ta [70]. Intensity balancing 
for the 295 keV transition from the isomer yields an electron conversion coeffi­
cient of aT(exp)=0.02±0.16 compared to theoretical values [53] of O't(E2)=0.09, 
ar(E l)=0.02, g;t>(M1)=0.22 and q;t(M2)=0.87. This rules out an M2 assignment 
for the 295 keV transition that would result from a 29/2^ isomeric state. From 
this intensity analysis the favoured multipolarities are E2 and E l although Ml 
decays are not discounted. Therefore, the most likely spin and parity for the 210 
/US isomer is 29/2“ although this assignment is not firm. A low-lying =  29/2" 
state with favoured residual interactions is predicted by blocked BCS calculations
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(see Section 5.3.3).
In addition to the 295 keV branch to the K'^ =  9/2“ band, the 210 /us state 
decays by a cascade of three 7  rays (130, 293 and 322 keV, shown in Figure 5.3) 
to the K'^ = 21/2“ isomer. (This results in a long half-life component in the time 
spectra of the 177, 456 and 711 keV transitions.) Due to the low-energy of the 130 
keV transition, the intensity can be matched to that of the 293 and 322 keV 7  rays 
to find the implied electron conversion coefficient. This yields o;ï’(exp)=18.4±3.3, 
compared to theoretical values [53] of o;r(E3)=19.3, aT(M2)=15.3. (This assumes 
Ml multipolarity for the 293 keV 7  ray, which is necessary to balance the inten­
sity with the 322 keV supposed E l transition, see below.) This favours an electric" 
octupole assignment for the 130 keV transition, but a magnetic quadrupole tran­
sition cannot be discounted. In each case a parity change would occur, with the 
final state being either 23/2"^ or 25/2'*’. The preference for 23/2+ depends on 
comparison with model calculations, as discussed in Section 5.3.3.
Considering all of the available evidence, the most likely decay route for the 
K'^ =  29/2“ isomer is via a 130 keV E3 transition to a 23/2'*' rotational state 
(the M2 alternative would require an electric quadrupole transition), built on 
a =  2 1 / 2 '*' intrinsic level. This could decay by either a 293 or 322 keV 7  
ray to the K'^ = 21/2“ 25 jis isomer. In Figure 5.1 the 293 keV decay has 
been assigned as the 23/2'*'^21/2'*' transition, as this gives the closest match of 
the intensities in the off-beam singles spectrum, once conversion coefficients are 
taken into account. In addition, the energy of this transition is close to that of 
the corresponding decay in the =  9/2“ band (302 keV).
5.2.3 O ther sta tes
There is a ti / 2  — 170±10 ns isomer (Figure 5.4) at 1403 keV, feeding the 15/2“ , 
13/2“ and 11/2“ members of the K^=9/2~  band. This state has been observed in 
previous studies [71] but no spin, parity or half-life assignments were made. The 
1245 keV transition (Figure 5.5) to the 11/2“ level is the most intense of the 3 7
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Figure 5.3: The top spectrum is gated by the 295 keV transition populating the 
K'^ = 9/2“ rotational band from the 210 fj,s isomer. The middle panel shows 
the spectrum gated by the 1066 keV transition from the (15/2“ ) intrinsic state. 
The 152 and 179 keV 7 -ray transitions from the first two excited states in the 
~  9 / 2 “ band can be clearly seen. The lower spectrum is gated by the 293 keV 
transition lying between the 210 /US and the 25 fis isomeric states. All labelled 
peaks are assigned to ^®^ Ta.
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rays de-populating this isomer. This rules out a 15/2+ state because an M2 tran­
sition is unlikely to compete effectively with E l transitions. A 13/2“ assignment 
is unlikely because no competing 1397 keV E2 transition decaying directly to the 
AT^=9/2“ bandhead has been observed. A spin and parity assignment of 13/2+ 
for the 1403 keV level would result in the three observed transitions (861, 1066 
and 1245 keV, see Figures 5.3 and 5.5) having E l character. Competing magnetic 
dipole transitions would be expected to populate the corresponding ground-state 
band levels, but these transitions have not been observed. An assignment of 
15/2“ gives ratios of the transition rates to the Weisskopf single-particle rates 
that are in close agreement with the values tabulated by Lobner [72]. Compari­
son with Nilsson model calculations (Section 5.3.3) yields a favoured = 15/2“ 
state with the configuration z/{§^[624], [510]} 0  7r{|’^ [404]}.
1 0 0
cZ3OÜ
10
1
t.,p=170(10)ns
1000 800 400600 
Time (ns)
Figure 5.4: A time spectrum gated by the 1066 and 1245 keV 7 -ray transitions 
de-populating the K'^ =  (15/2“ ) state. The line through the data is for a 170 ns 
half-life.
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Figure 5.5: A 7 -ray spectrum gated by 152 keV. This transition is observed in 
the decay of all three new isomers. This 7 -ray energy is also in coincidence with 
itself, because it is one of the transitions above the 170 ns isomer, as well as the 
lowest A I  ~  I transition in the K'^ =  9/2" band. All labelled peaks are assigned 
to ^»^Ta.
The level at 1403 keV has been observed by Saitoh et al. [6 8 ], with a 15/2" 
assignment. No life-time was associated with this level, but it was reported to 
be fed by a t i / 2  = 140±36 ns (19/2") isomer, that de-excites by a low-energy 
transition (<50 keV, unless obscured by higher energy 7  rays). This half-life is 
consistent with the measurement obtained from the current experiment. Dra­
coulis et al. [67] have reported two states lying at 1403 keV (17/2) and 1404 
keV (15/2) respectively. Due to the similarity of the decay paths, an observed 
mean-life of 4.7 ns could not be uniquely assigned. A 69 keV transition was ob­
served to decay to the 1404 keV level but no half-life measurement was obtained. 
It is evident that this portion of the level scheme is complex and not uniquely
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established.
The states above the 1403 keV level are based on 7 - 7  coincidence relations. 
In both the 1245 and 152 keV gates, there are 7  rays with energies of 188, 2 1 2  
and 152 keV (the 152 keV transition is in coincidence with itself, see Figure 5.5). 
These transitions are much weaker than those in the 9/2“ band, but fitting the 
time projections gives a half-life of ~ 1 0 0  /xs. This half-life is close to that of the 
K'^ z= 29/2“ state with a 210 fis half-life, but due to the weak population of the 
levels above the 1403 keV state, it is not clear whether they are being fed by a 
third decay route from the K'^ = 29/2“ isomer or by another, different isomer. 
The ordering of these three levels in Figure 5.1 is tentative. Table 5.1 gives the 
relative intensities of the 7 -rays in Figure 5.1, except those above the (15/2“ ) 
state. These intensities are not listed because of ambiguities in the coincidence 
spectra. The 188 and 212 keV intensities are not consistent with the single decay 
path shown in Figure 5.1. This problem has also been eluded to by Dracoulis et 
al [67].
5.2 .4  Transfer p rod ucts
This experiment was initially performed with the aim of looking for new isomeric 
states formed from multi-nucleon transfer between the target and projectile. The 
isomeric states identified in the ^®^ Ta target region are listed in Table 5.2. The 
sensitivity of this experiment extends only to those products containing isomers 
with half-lives greater than approximately a hundred nanoseconds. Many nuclei 
are observed in these data (listed in Table 5.2), with a typical production cross- 
section of ~ 0 .2  mb, (observed for the 15“ 45 fis isomer in ^®^ Ta [73]) but no 
new isomers, populated by nucleon transfer, have been assigned using the ^®^ Ta 
target. Nonetheless, the large range of known isomers populated, has established 
this technique as being suitable for populating high-spin intrinsic states in the 
v4%180 region. Isomers populated by the fission of are given in Table 5.3. 
A cascade of unplaced 7  rays shown at the bottom of Table 5.3 is assumed to be
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from fission because the relative intensity is approximately the same in the data 
obtained using the target (Chapter 6 ).
Very few /5-decays have been observed in this data because most of the prod­
ucts near the target and beam nuclei are very long-lived compared to the running 
time of the experiment.
5.3 D iscussion
In the sections below the new isomers are compared to those in neighbouring 
nuclei and the g-factor for the =  9/2“ band is calculated. The new intrinsic 
states are compared to predictions by blocked BCS calculations in Section 5.3.3.
5.3.1 H indrances for isom eric decays
The 3 -quasiproton configuration 7r{ | [514], |^[404], |^[402]} has been proposed 
for the new K'^ = 21/2“ 25 fis isomer at 1484 keV based on comparisons with 
Nilsson model calculations (see Section 5.3.3). K'^ =  21/2“ isomers have been 
observed in the isotopes ^^ ®Ta [75] and ^^ "^ Ta [76] with half-lives of 320 ns (at 
1252 keV) and 5 fis (at 1355 keV) respectively, both of which have the same 
3-quasiproton assignment. The 711 keV stretched E2 transition from the K'^ =  
21/2“ state in ^^^Ta to the =  9/2“ band has a reduced hindrance of =  41 
(Section 2.5). The corresponding isomeric state in ^^^Ta has fy = 7 for the 
475 keV stretched quadrupole transition, whereas in ^^^Ta, the 550 keV A / =  2 
transition from the = 2 1 / 2 “ isomer has fy =  2 2 . Although there is no steady 
increase in the reduced hindrance with mass number, the large value for ^^^Ta 
indicates that high neutron numbers are not diminishing the conservation of K.
The K'^ = 29/2“ 210 fis isomer at 2229 keV has the preferred 3-quasiparticle 
assignment i/{y^[615], |^[624]} 0  7t{ |  [514]} (see Section 5.3.3). This involves 
two Î13/2 neutrons making this a i-bandhead (Section 2.3.1). An isomeric state 
based on this configuration has also been observed in the isotone ^yfRe [77],
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Table 5.2: Transitions from isomers observed in the reaction +  ^yjTa at 1600 
MeV (1.65 fis range).
Nucleus Particles
transferred
Ej
(keV) 4
Half-
life
Assignment, H  
Initial Final
isiTa (target) 133 19(3) 18 fis 1 / 2+ 5/2+
861 1 (2 ) 170 ns (15/2-) 15/2“
1066 6(3) (15/2-) 13/2“
1245 18(7) (15/2-) 1 1 / 2 “
177 5(1) 25 fis 2 1 / 2 - 2 1 / 2 “
456 35(3) 2 1 / 2 - 19/2“
711 1 0 (2 ) 2 1 / 2 - 17/2“
130 1 (1 ) 2 1 0  fis 29/2- 23/2+
295 6 (1) 29/2- 25/2“
(152) 3(1) ( ^ 1 0 0  fis) ? ?
i82Ta (-fin) 185 9(2) 15.8 min 1 0 “ 7+
i80Ta (-In ) 142 weak 45 fis 15- 14-
432 5(1) 15- 13-
i^^Ta ( - 2 n) 233 weak 325 ns 2 1 / 2 - 19/2“
475 weak 2 1 / 2 “ 17/2“
i^^Ta (-3n) 228 weak 58 ms 15- 13-
ISORf ( - Ip ) 333* 2 (1 ) 5.5 h 6 + 4+244* weak 10 fis^ 9- 8 -178Hf ( - l p - 2n) 326* 4(1) 4.0 s 6 + 4+177Hf (—Ip—3n) 229 weak 1 .1  s 23/2+ 19/2+
214 weak 51.4 min 37/2“ 31/2+
(—Ip —4n) 736 1.3(11) 9.5 fis 6 + 6 +
i^^Lu (-2 p -4 n ) 797 weak 930 fis ^ 19/2+ 15/2+
592 weak 19/2+ 17/2+
797 weak 19/2+ 15/2+
176vb (—3p—2 n) 96 weak 11.4 s 8 - 8 +
i^^Yb (-3 p -4 n ) 992 weak 830 fis 6 + 6 +
(+ 2 p) 193 weak 1 ms 25/2“ 2 1 / 2 +
(-f lp -f2n) 537 weak 8.3 fis 5- 6 +
921 weak 5- 4+
182^ (+1P) 519 weak 2 fis 1 0+ 1 0 +1087 weak 1 0+ 8 +180-yy (-f Ip —2n) 391 1 .0 (6 ) 5.5 ms 8 - 8 +
® From the recent work of D’Alarcao et al [74].
 ^ From this work [62].
* The transition is not one which directly de-populates the isomer due to very 
weak intensities or low transition energies for the de-populating transitions.
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Table 5.3: Isomeric states in nuclei populated following the fission of The 
half-lives and 7 -ray transition energies are shown. Relative intensities are not 
given because all the products listed are weakly populated.
Nuclei t\l2 7 -rays (keV)
‘igSn 11.8 fJLS 90, 197, 1023, 1171
%Sn 7.2 jUS 104, 163, 1002, 1141
'IgSn 6 .6  fis 57, 112, 909, 1141
lîS b 11 fis 806, 1114
'igTe 10.4 min (^ffSb p  decay) 314, 743, 754
'igTe 115 ns 182, 331, 794, 839
'iT e 28.1 fis/ 145 ns 103, 151, 697, 974
165 ns 115,297,1279
9 s 74, 648, 913
'||X e 8.39 ms/90ns 174, 538, 600, 773, 6 6 8
290 ms 234, 847, 884
2.95 fis 197, 381, 1313
? --- 187, 361, 503, 617
with a half-life of 6 ns [78]. The shorter half-life in ^^^Re is understood to be 
a consequence of the close-lying 25/2+ band, which provides a allowed decay 
path. The 295 keV stretched E2 transition in 7^3Ta has /^ =  5. This is in good 
agreement with other A K  =  10 stretched E2 decays from ^-bandheads that have 
been observed in this mass region. The ~  10+ 1.4 fis isomer in 7^4W [22] 
has a 1086 keV stretched quadrupole decay with fy =  5.3. The K'^ — 25/2+ 
1 ms isomer in ^75 Re [79] decays by a 194 keV stretched E2 transition to the 
=  5 / 2 + ground-state band with fy — 3.8. A 20  ns K'^ =  1 0 + isomer in ^fgOs 
[80] de-excites via a 1092 keV stretched E2 transition with a reduced hindrance 
of ~  3.5. These comparisons seem to point to a general reduction in the 
reduced hindrance with increasing proton number. This corresponds to a fall in 
the number of valence protons and neutrons as particles are added moving away 
from the mid-shell. However, the fy values for all of these i-bands are very low, 
indicating that K  is no longer a conserved quantity. One mechanism which may 
be responsible for this could be related to the high alignment of the 1^3/2 neutrons.
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leading to increased Coriolis mixing between nearby low-K" states. Although this 
has not been established, it seems likely that the neutrons in these configurations 
are having some effect because the 711 keV E2 decay from the K'^ ~  21/2" 
isomer in ^®^ Ta has a high reduced hindrance (/^ =  41) suggesting that the high 
neutron number has a very limited effect on AT-conservation.
5.3.2 B ranching ratios and g-factors
For intrinsic states for which the accompanying rotational band has been ob­
served, the in-band 7 -ray branching ratio, T2/T 1, can be used to test configura­
tion assignments. (The subscripts refer to the spin change associated with the 
transition.) The rotational model expressions (Equations (2.21) and (2.22)) are 
used with typical values [22] of Qo — b-5 e-b and =  0.3. The calculated values 
in Table 5.4 are obtained using the asymptotic Nilsson quantum numbers with 
Equation (2.29).
Table 5.4: Branching ratios and g-factors for the =  9/2“ band and the 
transitions lying above the =  2 1 / 2 “ state.
AT" I E 2 El T2/T 1 \{9k  -  9r ) /Q o\ (e-b)-^
{%) (MeV) Expt. Calc.
9 /2 - 13/2 0.3318 0.1790 0.06±0.01 0.194:0.02 +0.16
15/2 0.3840 0.2050 0.204:0.02 0.164:0.01
17/2 0.4357 0.2306 0.314:0.07 0.164:0.02
19/2 0.4857 0.2551 0.424:0.03 0.174:0.01
2 1 /2 0.5344 0.2794 0.564:0.09 0.174:0.02
23/2 0.5808 0.3016 0.784:0.13 0.164:0.02
25/2 0.6263 0.3249 1.004:0.11 0.154:0.01
2 1 / 2 - 25/2 (0.6141) 0.3215 <0.0264:0.003 “ >0.184:0.01 + 0 .1 2
“ This assumes that the 293 and 322 keV transitions are rotational members of 
the =  21/2“ band. The limit on the intensity of the E2 crossover was found 
by inspection of the off-beam singles spectrum. See Section 5.3.2.
The experimental \{çk — ^æ)/Qo| values for the =  9/2“ band are in excel­
lent agreement with the calculated value based on the 7t{ | [514]} configuration.
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This provides additional confidence in the assignment of the 23/2“ and 25/2“ 
levels as rotational members of this band.
In nuclei where =  21/2“ isomers have been observed (see above), the first 
two excited states of the rotational bands built on these levels decay by transitions 
with energies very close to the 293 and 322 keV 7  rays observed above the 25 /j,s  
isomer in ^^ ’■Ta. If the 293 and 322 keV transitions are magnetic dipole transitions 
in a rotational band, then a corresponding 614 keV E2 crossover transition should 
be present in the data. Examination of the out-of-beam singles spectrum leads to 
a limit on the supposed in-band 7 -ray branching ratio of A<0.026+0.003. Using 
the rotational model Equations (2 .2 1 ) and (2.22) implies {qk—gr)/Qo'>^AS±Q.01 
(using Qq =  6.5 e b and qr =  0.3). (This calculation is given in Table 5.4.) 
This is higher than the expected g-factor using both the asymptotic and non- 
asymptotic Nilsson wavefunctions [23] with Equation (2.29), both of which give 
{Qk — 9 r)/Qo=^0 .1 2 . Although the discrepancy between the experimental and 
calculated values is small (0.06), the good agreement achieved for the =  
9/2“ band suggests that the difference is significant. From this analysis it seems 
probable that the 293 and 322 keV transitions are not both members of the 
same rotational band. This supports the assignment of the 322 and 293 keV 
as transitions to and from an intrinsic state respectively. This assignment is 
discussed in Section 5.2.2.
The well-deformed nature of this nucleus leads to strongly coupled rotational 
bands for which the asymptotic Nilsson quantum numbers are a good approxi­
mation.
5.3.3 M ulti-quasiparticle ca lcu lations
Blocked BCS calculations [31], outlined in Section 3.1, have been performed for 
^ygTaios using deformation parameters € 2  ~  0.233 and €4 =  0.060 [81]. The 
Nilsson single-particle energies were adjusted (consistently with the monopole 
pairing strengths) to reproduce the single-quasiparticle proton and neutron ener-
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gies (where available [9, 82]) in ^®^ Ta and respectively. The proton pairing 
strength, =  23.0/A  MeV, was adjusted to give approximately the correct en­
ergy of the 2 1 / 2 “ isomer. The neutron pairing strength was chosen to be 1 .0 /A 
MeV lower than the corresponding proton value {G^ ~  22.0/A  MeV), which is 
consistent with Ref. [31]. The resulting near-yrast multi-quasiparticle states are 
represented in Figure 5.6.
From Figure 5.6 there are two low-lying 3-quasiparticle configurations with 
=  21/2“ and 29/2“ respectively, in agreement with the new isomeric states 
found in this experiment. Above the yrast line there is a K'^ — 2 1 / 2 *^ state 
with favoured residual interactions calculated at 1872 keV (see Section 5.2.2). 
The =  15/2“ candidate for the 170 ns isomer does not appear in Figure 5.6 
because only couplings to maximum K  are shown. However, the corresponding 
unfavoured coupling to =  17/2“ is labelled.
The only favoured intrinsic state calculated to lie between the — 21/2“ 
and AT^  =  29/2“ isomeric states is a K'^ =  21/2'^ 3-quasiparticle level with 
the configuration, i/{|"^[624], | “ [512]} 0  7t{|~[514]}, predicted to lie at 1872 
keV. From comparison with these calculations this configuration is the preferred 
coupling for the 1805 keV level tentatively assigned as K'^ — 2 1 / 2 *^ (see Sec­
tion 5.2.2).
Table 5.5 summarises the information for the new isomers. The residual 
interactions used by Dracoulis et al. [67] shift the energies by —77 keV for the 
— 21/2“ state and by —14 keV for the AT^  =  29/2“ configuration. These 
residual interactions are not included in the values given in Table 5.5. It can be 
seen that the excitation energies are in agreement with the experimental energies 
to within ~200 keV.
It is interesting to note that the Nilsson model calculations using Lipkin- 
Nogami pairing, performed by Dracoulis et al. [67] predict an yrast 31/2^ 
state resulting from the z^{|’^ [624], \  [503]} 0  7r{ | [514], | ’^ [404], §'^[402]} 5- 
quasiparticle coupling. However, the results of the blocked BCS calculations here
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Figure 5.6: Near-yrast multi-quasiparticle states from the blocked BCS calcula­
tion. The low-lying 29/2“ and 21/2“ configurations are in agreement with the 
observed structure. Although there is no low-lying 15/2" state, only couplings 
to maximum K  are shown. The 17/2“ configuration shown here, could also form 
a favoured 15/2“ state.
yield a low-lying K'^ = 41/2~ state (below the 37/2"^ level) with a i7{^'^[615], 
|'^[624]} ® 7r{§"[514], |'^[404], |^[402]} configuration. (The residual interactions 
would be expected to be approximately the same for both states.) Although not 
observed in this experiment these potentially long-lived states provide an objec­
tive for future experiments and a practical test of the two calculations.
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Table 5.5: Properties of the new isomeric states in ^®^ Ta. Only the most intense 
E2 { I ^ I  — 2) decays are given in this table. tTg is the partial 7 -ray half-life and 
is the reduced hindrance (Section 2.5).
A:" 4 / 2 Configuration Experimental Calculated Ej{E2) 1^/2
Energy Energy (keV)
(keV) (keV)
2 1 / 2 -  25±2 /iS 7t9/2-[514]
O7r7/2+[404]
®7T5/2+[402]
1484 1408 711 0 .2  ms 6 41
29/2“ 210±20 fis 7r9/2“ [514]
®f/ll/2+[615]
®z/9/2+[624]
2229 2053 295 0 .8  ms 10 5
(15/2“ ) 170±10 ns 7t7/2+[404] 1403 1546 (1245) 300 ns (3) -
®f/9/2+[624]
0 f / - l / 2 “ [51O]
5 . 4  Sum m ary
New isomeric states with = (15/2~), 2 1 / 2 " and 29/2” have been observed in 
^^^Ta. Configurations have been assigned by comparisons with the isotopes ^^^Ta 
and ^^^Ta, the isotone ^®^ Re and predictions by blocked BCS calculations. The 
excitation energies are well reproduced and recent work by Dracoulis et al. [67] 
and Saitoh et al. [6 8 ] is in good agreement with the level scheme deduced here.
Chapter 6
186W  target isom ers
The results reported here are from the experiment described in Section 5.1, using 
the target. Many of the low-lying states previously known in [83] re­
sult from Coulomb excitation because this is the heaviest stable tungsten isotope 
which cannot be reached with fusion-evaporation reactions (see Section 6.2.5). 
Bombarding a target with a beam at an energy (1600 MeV) just above
the Coulomb barrier is thus one of the few ways of studying the high-spin struc­
ture of this nucleus with a stable beam. The highest spin state observed in this 
reaction was the H  — 26'*' level in [84]. However, the expected angular mo­
mentum limit for this reaction is approximately 50 h (from consideration of two 
touching spheres at the grazing angle, that roll around the centre of mass [44]). 
This discrepancy is most probably a consequence of the large cross-section for 
fission at high spins, although the short running time collecting prompt events 
combined with the smearing of peaks caused by Doppler broadening for transi­
tions at high-spin, could be contributing.
6.1 R esults
A new K'^ — 7" isomeric state has been observed that populates the previously 
known 7  [83] and octupole [85] vibrational bands. Above this, a new =  (16'*')
59
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isomer has been identified. The level scheme resulting from the present work is 
shown in Figure 6.1 and the transitions de-populating the new isomers are listed 
in Table 6.1. Figure 6 .2  shows the singles spectra for the 165 /is range. The 
delayed transitions can be cleanly picked out by gating between the beam pulses, 
where as the total singles spectrum is dominated by prompt events from Coulomb 
excitation.
>3ms
0 4+) 3535 (16+) 3544
lo  & ............. .390
%..........................3145 ^  (13+).
306 (12-) 2838 \
1398 119 6+
 '  ' ......
%..................2286 #  ^^^(10-)
(9-) " 168 2118
1739 601 y  (8-)
.................. 1517 \  y  7 -1375 5- ^195/ /
'   II  f  7|W,- A r '  ^ ^  615 ■ f .......... /  /  7 4 ” 112
0+
g—band y —band octupole bond
Figure 6.1: Decay scheme for the 7“ and (16+) isomers observed in i®®W. The 
implied 9 keV transition from the higher isomer to the state at 3535 keV (14+) 
has been omitted because it was not observed in these data. The width of the 
arrows is proportional to the 7 -ray intensities (black) and electron conversion 
(white).
6.1.1 K'^ = 7 isom er
An isomeric state lying at 1517 keV has been observed with 4 / 2  “  18±1 /iS 
(Figure 6.3) and a cross-section of 704:10 mb (see Section 5.1.1). This isomer 
populates the 6 + member of the ground-state band (g-band) directly via a 708
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Table 6.1: Energies, assignments and relative intensities for transitions observed 
in (165 jj.s range data).
(keV) Ei 492.1 1045 953 4.1(4) 3-,2 2-,2
118.7 1517 1398 65.1(45) 7-,7 6+,2
122.1 122 0 203(16) 2+,0 0+,0
150.1 1322 1171 10.4(11) 5-,2 4 -,2
164.9 2838 (2673) 9.2(9) (12-,10) (11,11)
167.6 2286 2118 58.2(38) (10-,10) (9-,9)
180.0 3544 3364 10.2(10) (16+,16) (14+,13)
182.9 1045 862 31.9(25) 3-,2 3+,2
195.2 1517 1322 273(10) 7-,7 5-,2
214.8 953 738 36.7(45) 2-,2 2+,2
218.9 1171 953 5.1(10) 4-,2 2-,2
219.6 3364 3145 10.4(16) (14+,13) (13+,13)
220.5 1739 1517 93.4(68)'' (8-,7) (7-,7)
236.9 2524 2286 17.6(18) ((11,12),(11,12)) (10-,10)
268.7 1007 396 5.1(12) 4+,2 2+,2
274.0 396 122 225(18) 4+,0 2+,0
276.7 1322 1045 184(8) 5-,2 3",2
306.3 3145 2838 93.3(44) (13+,13) (12-,10)
307.6 1045 738 108(8) 3-,2 2+,2
309.4 1171 862 17.7(31) 4-,2 3+,2
315.3 1322 1007 100(5) 5-,2 4+,2
315.5 2838 2524 8.0(9) (12-,10) ((11,12),(11,12))
380.3 2118 1739 126(9) (9-,9) (8-,7)
387.1 (2673) 2286 16.3(21) (11,11) (io-,io)
390.0 3535 3145 40.9(25) (14+,14) (13+,13)
391.3 1398 1007 35.0(32) 6+,2 4+,2
399.5 3544 3145 26.2(19) (16+,16) (13+,13)
412.8 809 396 90.3(61) 6+,0 4+,0
465.9 1862 396 2.7(10) 3+,2 4+,0
552.2 2838 2524 65.3(43) (12-,10) (10-,10)
588.9 1398 809 28.1(27) 6+,2 6+,0
600.8 2118 1517 10.5(24) (9-,9) (7-,7)
610.4 1007 396 81.3(63) 4+,2 4+,0
615.4 738 122 32.6(99) 2+,2 2+,0
621.4 3145 2524 18.2(18) (13+,13) ((11,12),(11,12))
708.2 1517 809 60.9(47) 7-,7 6+,0
738.1 738 0 34(11) 2+,2 0+,0
739.6 862 122 67(13) 3+,2 2+,0
884.1 1007 122 50.5(58) 4+,2 2+,0
922.7 1045 122 9.6(21) 3-,2 2+,0
925.8 1322 396 10.9(20) 5-,2 4+,0
1001.4 1398 396 17.2(32) 6+,2 4+,0
® From intensity balancing due to contamination of peaks in the singles spectrum.
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keV 7 -ray transition. The g-band has previously been observed up to 14 h in a 
Coulomb excitation experiment using ^°^Pb beams [8 6 ].
The strongest direct branch from the 18 }jls isomer is via a 195 keV transition 
to the K'^ = 2“ octupole band (Figure 6.4), known previously up to the 4” 
state at 1171 keV [9]. Observation of the 150 keV decay to the 4“ level and the 
accompanying 277 keV E2 crossover transition to the 1045 keV 3~ state allows 
the band to be extended to incorporate the 5“ rotational state at 1322 keV. From 
intensity balancing, the implied electron conversion coefficient for the 195 keV 
transition is O!T(exp)=0.25±0.11 (the theoretical values [53] are û;t(E2)=0.34, 
q;t(M1)=0.73, o;r(El)=0.07), favouring an electric quadrupole assignment. This 
leads to a K'^ = 7" assignment for the 18 fis intrinsic state.
It should be noted here that in studies of the /?-decay of ®^®Ta to states in 
186w  [87, 8 8 ], there is a 277 keV transition to the 2+ 7  vibrational level at 738 
keV. Such a transition is not observed in the coincidence data obtained from the 
present study, implying a second transition at this energy.
A previous (^ ®®Ta (3 decay) study [8 8 ] has observed a 315 keV 7 -ray decay 
from a state at 1322 keV to a level at 1007 keV, as found in this work. However, 
the other reported decays from this level are not observed here (e.g. the 1322 
keV decay directly to the ground-state) and are inconsistent with an =  5“ 
assignment. In addition, the 150 keV and 277 keV 7 -ray transitions observed 
here, were not seen in Ref. [8 8 ], which, given their intensity relative to the 315 
keV transition, would be remarkable if the same state was being populated in each 
case. Therefore, it seems highly likely that a second level at 1322 keV exists.
The 7  vibrational state at 738 keV has been identified in earlier studies to­
gether with the first excited state at 862 keV [83], and Gunther et al. [89], tenta­
tively assigned a level lying at 1030 keV as the 4+ member of this band, following 
a deuteron scattering experiment. However, the authors of Ref. [8 8 ] comment that 
the decay of the 1030 keV state does not follow the expected systematics for a 
4+ 7  vibrational level. In the present study, states at 1007 and 1398 keV have
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Figure 6.2: The top spectrum shows the off-beam gated singles spectrum for the 
165 fis range data. All of the labelled energies have been placed in The
lower panel shows the total singles spectrum dominated by the prompt Coulomb 
excitation of (energies) and (A). The time for which each data set 
was recorded is given.
been assigned as the 4+ and 6 + members of the 7  vibrational band respectively. 
The 1398 keV level was reported by Giinther et al. [89] but no assignment was 
made. The 1007 keV level was tentatively assigned as the 2 + member of a AT =  0 
j3 vibrational band [89], but the observation of a strong transition to this level 
from the 5“ member of the octupole band contradicts this assignment.
A direct 119 keV decay path from the = 7~ isomer (Figure 6.4) feeds the 
6 + level of the 7  band, which in turn de-excites to both the 4+ and 6 + members of 
the g-band and to the 4+ rotational level in the 7  band. Intensity balancing for the 
119 keV transition yields an electron conversion coefficient of o;T(exp)=0.27±0.12 
(o;r(El)=0.24, 0 'r (M l)= 2 .9 9 , CKT(E2)=2.03) establishing this as an electric dipole
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Figure 6.3: A time spectrum gated on 7  rays below the 18 //s isomer in A 
long-lived component is evident. The line through the data is the fit for a two 
component half-life.
transition.
The preferred configuration for the K'^ =  7“ isomeric state is i/{y^[615], 
I [512]}. Comparison with multi-quasiparticle Nilsson calculations is made in 
Section 6.2.3. A =  7~ 2.4 ns isomer at 1502 keV in has been assigned 
the same 2-quasineutron configuration [90].
6.1.2 =  (16"'") isom er
The time spectrum gated by transitions below the = 7~ isomer, Figure 6.3, 
shows a two component lifetime comprising ti /2 =  18 //s and a much longer 
half-life ()$>100 fis). Examination of the off-beam gated singles spectrum for the
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Figure 6.4: A spectrum gated by the 610 keV 7 -ray transition below the 18 ^s 
isomer in (165 fis range).
1.65 ms range (Figure 6.5) shows many previously unplaced 7 -rays of comparable 
intensity (given the long beam-pulsing period) to the transitions de-exciting the 
K'^ _  y- isomer. The energies of these lines do not match those known in 
or which are populated by 1-neutron transfer and are expected to be the
next strongest channels after the inelastic excitation of The coincidence
spectra for these transitions (e.g. Figure 6.5) show that they form a long cascade 
but with no simple rotational structure. The time spectra for these previously 
unplaced decays are compatible with the long half-life component observed for 
the transitions below the 18 fis level.
A comparison of the intensities for the unplaced 7 -ray transitions and those 
below the =  7“ isomer reveals a good match at long times (>100 fis after 
the beam pulse). See Figure 6 .6  for the overlaid time spectra gated by the 195 
keV transition (below the IS fis isomer) and the 221 keV (previously unplaced) 
transition. For times greater than 100 fis, the matching half-lives and intensities, 
together with the strength of the transitions in the off-beam gated singles spec­
trum, suggest that this previously unplaced cascade does in fact feed through 
the =  7~ 2-quasiparticle state in This new isomer is populated with a 
cross-section of 1 2 ± 2  mb (Section 5.1.1).
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Figure 6.5: The top spectrum shows the off-beam gated singles spectrum for the 
1.65 ms range data. The strongest long-lived contaminants are denoted by A. 
The lower spectrum is gated by the 552 keV 7 -ray now placed in This is
for the 165 iis range for greater statistics.
Adding up the 7 -ray energies in the cascade leads to an excitation energy of 
3544 keV for the new isomeric level.
6.1.3 A dd itional half-life m easurem ents 
M illisecond analysis
Fitting the background subtracted 1.65 ms range time spectra, gated by the 168, 
2 2 1 , 380, 399 and 552 keV transitions that feed the 1517 keV isomer, yields 
ms for the level at 3544 keV. However, the half-life due to the TAG® 
random stopping rate (estimated from an event rate of 75±13 events/sec in the
“A TAG (Tim e-to-A m plitude Converter) is the electronics module supplying the tim e infor­
m ation in this experiment.
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beam-off period) was — 9±1 ms. To establish whether the measured half-life 
was real or just a random stopping effect, two 7 -ray spectra were made from time 
gates, one on the first 1/3 and one on the last 1/3 of the time projection. The 
factor of 1/3 was used to give the optimum statistical accuracy in the spectra 
while retaining a large effect due to the time difference. The ratio of the 7 -ray 
peak areas in the first 1/3 to the last 1/3 were calculated for both and 
known radioactivity peaks to see if there were any systematic differences between 
them due to the half-life. However, from Figure 6.7, it can be seen that the 
uncertainties in the ratios are too large, and so only a lower limit can be found 
for the half-life from these data, namely ^1/2>3 ms, which is shown on the plot 
as the long-dashed line.
Radioactivity analysis
Radioactivity spectra were collected to look for very long-lived states once the 
beam was turned off. These were recorded for diff’erent time segments, from 5 
minutes, up to a few hours after the beam was stopped. From the radioactive 
decay law, the average count rate in a time interval T  ranging from an initial 
time t\ up to a final time ^2 is given by.
1 dN  1 7^ 2
" r  ~ li t " T
where N  — Aoe“ *^, A is the decay rate and Nq is the initial number of nuclei.
However, Nq is not known, but the initial count rate can be found
’ ’ \  J N = N o
assuming that the irradiation time is long compared to the half-life. Substituting 
this in place of ^  leads to the result
I '" " '  -  ‘ ' " ' I
This method was used to set an upper limit on the half-life of the 3544 keV 
isomer. The isomer evidently has a half-life less than minutes, as no statistically
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Figure 6 .6 : A graph of intensity versus time for the 195 keV transition (below 
the 7” isomer) and 221 keV transition (above the 7~ isomer). The intensities are 
approximately the same at long times. Although no correction has been made for 
the change in efficiency and conversion coefficients, the energies are close enough 
for these effects to be small. The slightly reduced count level for times before 
%60 /iS is a dead-time (or pile-up) effect arising from the high count-rate during 
the immediately preceding beam-on period (ending at Time=0).
significant decay transitions could be observed in the first 5 minute spectrum.
Rav was found by looking at the spectra and calculating the maximum number 
of counts, above the background, at energies where the 7  rays would be 
expected. The decay rate, A (= ln(2 ) /t i /2) was calculated to reproduce the 
maximum average count rate. This implies an upper limit for the half-life of 
1^/2 < 1 0 0  s.
From the above analysis the half-life range for the 3544 keV isomeric state in 
186W is 3 ms< ti / 2  <100 s.
CHAPTER 6. 186 VF TARGET ISOMERS 69
1.60
1.50
1.40
(g 1.30 
2«3 1.20
gCL
‘oO
1.10
1.00
tr 0.90
0.80
0.70
0.60
[]
[]
o  lines below the 18^s isomer 
□  lines above the 18p,s Isomer 
O radiactivity and unknown lines
  ratio from random stopping
 upper limit for ratio
I]
500 1000 Energy (keV) 1500
2000
Figure 6.7: A graph of peak area ratios against energy for data on the 1.65 ms 
range. The peak areas were calculated from spectra produced from gates on the 
first 1/3 (beginning 120 fis after the end of the beam pulse) and last 1/3 of the 
total time projection. The long-dashed line is the average ratio plus one standard 
deviation for peaks lying between the two isomers. This gives a lower limit for 
the half-life. The short dashed line shows the estimated ratio due to the random 
stopping effect. (Larger ratios correspond to shorter half-lives.)
Nanosecond analysis
The fragmentary structure of the decay scheme (Figure 6.1) above the K'^ = 7“ 
isomer suggests that many of these states could be intrinsic. This would lead to 
a stepwise reduction in the K  quantum number by transitions from the higher 
isomer to successively lower-AT bandheads, with the possibility of additional iso­
mers. Since however, no additional isomers were identifiable with the beam- 
7  TAG, data from the second TAG were analysed to see if there were any short 
lifetimes (~  few ns) associated with transitions lying between the two isomers. 
This TAG was started by a germanium signal and stopped by 2 or more, elec­
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tronically delayed, BGO signals. The events were sorted into a matrix of energy 
against the relative time between 7  rays, and energy gates were set for many of 
the transitions in Figure 6 .8  shows the results. (The 306 and 390 keV tran­
sition are not shown in Figure 6 .8  because of contamination with 7  rays below 
the K'^ — 7~ isomer.) The time-walk effect is demonstrated here with low energy 
events being delayed with respect to the higher energy lines: low energy 7  rays 
interact closer to the surface of the germanium crystals and these signals take 
longer to be collected. There are statistical fluctuations in the data but there is 
some evidence to suggest that the 168, 22 1  and 380 keV transitions are delayed. 
These transitions are placed directly above the — 7~ state in the level scheme, 
based on this possibility of a short half-life (% 1  ns).
245
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§sz 5 nso 380
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Figure 6 .8 : A graph of time centroid against energy for the Ge-BGO TAG spec­
tra produced from background-subtracted energy gates in The 122 keV
transition is labelled with ^  and has been corrected for the 1.0 ns half-life [91] of 
the 2+ level from which it decays. Data labelled with * correspond to transitions 
lying between the 2 long-lived isomers. The dashed line is a quadratic fit to the 
data up to ~600 keV to show the general trend.
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6.1.4  S p in /p a r ity  assignm ents above th e  K'^ =  7~ isom er
The limited additional spectroscopic information leads to ambiguities in the spin 
and parity assignments (and even in the level ordering) for states between the 
two long-lived isomers in Nevertheless, the coincidence relationships and
7 -ray intensities permit tentative assignments to be made, as follows.
The simplest interpretation for transitions with accompanying higher energy 
crossovers, is as A / =  1 transitions since these are the fastest. Therefore, the 221 
and 380 keV decays are likely to be AJ =  1 transitions. An E2 assignment for the 
corresponding 601 crossover transition is suggested. The energy of the 168 keV 
transition is low enough to extract the multipolarity from balancing the intensity 
in to and out of the 2286 keV level. The implied electron conversion coefficient 
is aj.(exp)=-1.6±0.24 (cKT(Ml)=1.12, û;t(E1)=0.10, ckr(E2)=0.57, CKT(M2)=6.63, 
o:r(E3)=5.57). Although outside the uncertainties, which could mean that the 
errors in the intensities are underestimated, this strongly suggests that the 168 
keV line is an Ml multipole. The spin and parity of the 2286 keV level is therefore 
assigned (10"). Feeding this state is an intense 552 keV transition (assumed to be 
a stretched E2) crossing two weaker decay paths. The intensities of the 315 and 
237 keV transitions to and from the intermediate state at 2524 keV respectively, 
are not sensitive enough to the conversion coefficients to distinguish between E l 
and Ml multipolarities. This is also the case for the 165 and 387 keV decays via 
an intermediate (2673 keV) level, the ordering of which could be reversed. (The 
intensities of the 387 keV and 165 keV transitions are closely matched if they 
both have Ml assignments, but due to their low intensities it is not possible to 
rule out E l decays.)
Intensity balancing for the 306 keV transition leads to an electron conversion 
coefficient of û'T'(exp)=0.03±0.07 (ar(E l)=0.02, a;r(Ml)=G.21, aT(E2)=0.08). 
This was found assuming that both the 165 and 315 keV transitions are Ml, so 
as to yield the maximum conversion coefficient for the 306 keV decay. Although
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this is consistent with either electric dipole or electric quadrupole assignments, 
the simplest interpretation is with an El multipolarity. The presence of the 621 
keV crossover transition to the 2524 keV state also favours this (13" )^ scenario for 
the 3145 keV level. It is worth noting here that the absence of a measurable half- 
life for the 3145 keV state does not rule out an M2 assignment for the 621 keV 
decay. Assuming a conservative limit of ti/2 < 5  ns for the 3145 keV level, gives 
a hindrance factor relative to the Weisskopf single-particle estimate of Fw<S. 
Such a low value for an M2 transition (assuming no additional K  hindrance) is 
not without precedent. In Ref.[72] the corresponding Fw factors range from ~1 
up to '^lO^.
With a definite range for the half-life of the higher isomer the Weisskopf 
single-particle estimates were calculated to find the transition multipolarity that 
is consistent with a several millisecond (or longer) half-life, shown in Table 6.2. 
The lowest multipolarity that can account for the observed half-life is A =  3.
A 7T-allowed A =  3 (0.4 MeV) transition can account for the half-life of the 
isomeric state, leading to a spin of (16) h for the 3544 keV level. Intensity balanc­
ing supports an M3 assignment for the 399 keV transition, with o;T(exp)=1.2±G.3 
(aT(M3)=1.05, a7’(E3)=0.13, ckt(E4)=0.53). Although assumptions concerning 
the multipolarity of the 220 and 390 keV transitions were made to calculate this 
coefficient (both were assumed to be Ml), choosing between Ml or E l has rel­
atively little effect giving aT(exp)=1.4±0.3 for the 399 keV transition when E l 
multipoles are assumed for the 220 and 390 keV transitions. On the basis of this 
analysis the preferred spin and parity assignment for the isomeric state is (16"^).
From the decay scheme in Figure 6.1 it can be seen that there is 9 keV 
difference between the two highest levels, and this is the primary reason for the 
placement of the 399 and 390 keV transitions at the top of the level scheme. 
Both show the same half-life, implying an unobserved 9 keV transition from the 
isomeric state at 3544 keV to the 3535 keV level. A transition rate for the ‘missing’ 
9 keV supposed E2 decay can be calculated to see whether this is consistent with
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Table 6 .2 : Weisskopf single-particle transition rate estimates [92] for E j = 0.40 
MeV and A = 186. Multipolarities up to A =  4 were considered. T^p is the 
single-particle transition rate for in MeV and is the partial 7 -ray half-life.
Multipolarity Formula for Tgp T.P (s- ') 1^/2 -
El 1 .0  X 10^ 4 2.09x10^4 3.32 fs
Ml 3.1x10^3^^ 1.98x10^2 0.35 ps
E2 7.4xl0^A-^/3E^ 8.05x10^ 0 .8 6  ns
M2 2 .2 xlO^A^/^E^ 7.34x10^ 94.4 ns
E3 3.5x10^ 1980 0.35 ms
M3 l.lxlOU'^/^E^ 19.14 36.2 ms
E4 l.lxlO -^A ^^E^ 3.25x10-3 3.6 m
M4 3.3xlO-GA^E9 2.99x10-3 6.4 h
a millisecond (or longer) half-life. The electron conversion coefficient (û;r(E2) =  
60700 [53]), which is dominant at this energy, must be included, resulting in a 
partial transition half-life of ^lygc^l.S /iS. (This is calculated using the Weisskopf 
single particle estimate and the electron conversion coefficient.) Although this is 
several orders of magnitude shorter than the measured lower limit for the half- 
life, allowed E2 decays can be hindered by a factor of ^1000 [72], e.g. the 8 6  keV 
A-allowed E2 transition from the 192 /xs isomer in ^^^Ta [76] has a hindrance of 
.-^900. With this factor the 9 keV E2 transition has an expected partial lifetime of 
order milliseconds in agreement with the implied experimental value. A similar 
hindrance factor is required for the once TT-forbidden 180 keV (E2 ) transition 
from the >3 ms isomer in ^^ ®W. (The order of the 220 and 180 keV transitions 
could be reversed, but due to their close energies this has very little effect on 
the calculation.) The Weisskopf single-particle estimate for this transition gives 
=  47 ns, but with a hindrance of 1000 and an additional factor of 100
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increase from the one degree of /C-forbiddenness, this partial transition lifetime 
is also expected to be of the order of milliseconds, consistent with the measured 
value.
6.1.5 Transfer p rod ucts
As with the experiment using the ^^i^a target (Chapter 5) a large number of 
transfer products in the target region are observed in the target data. Only- 
delayed (off-beam) events were collected which means that only nuclei containing 
isomers, with half-lives greater than about a hundred nanoseconds, were observed. 
Table 6.3 lists all the observed isomers populated using the target and, where 
possible, gives relative 7 -ray intensities. (The isomers populated in the fission 
of ^ 3 8 are the same as for the ^^^Ta target, listed in Table 5.3.) The last entry 
in Table 6.3 is the decay of a new isomer, now tentatively placed in ^^^Ta, see 
below. Gamma-ray coincidences were used to order the transitions into a decay 
sequence, shown in the inset of Figure 6.9.
The strong M1 /E 2 and accompanying weaker stretched E2 transitions in the 
band, can be seen in the 7 -ray spectrum of Figure 6.9. No accompanying crossover 
transition has been observed for the 175 keV 7  ray. Intensity balancing for 
this transition gives an implied electron conversion coefficient of (exp)= 0 .1 2  
±0.18 compared to theoretical values [53] of q;t(E1)=0.08, aj'(E2)=0.47 and 
q t(M l)=0.91. This suggests that the 175 keV decay is an E l transition, although 
an E2 assignment is not ruled out. The placement of this transition will be 
discussed in Section 6.2.1. The limit on the half-life for the new isomer is ti/2> l 
ms. This was found by examining the counts in several different time gated 
spectra on the 1.65 ms TAG range as performed for the =  (16"^ ) isomer 
in Section 6.1.3. (Random stopping effects and low statistics due to a limited 
beam time with the 1.65 ms range prevent a higher limit being set.)
In an attempt to assign this band to a particular nucleus, the X-ray spectrum 
region was examined in detail. Although the use of absorbers blocked a high
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Table 6.3: Transitions from isomers observed in the reaction at
1600 MeV (1.65 fas range). Isomers populated by the fission of shown in
Table 5.3.
Nucleus Particles Ery 4 Half- Assignment Htransferred (keV) life Initial Final
186^ (target) 119 14.3(8) 18 /iS 7~ 6 +
195 56(2) 7~ 5-
708 8.9(6) 7_ 6 +
180 1.3(1) >3 ms 16+ 14+
390* 5.1(3) 14+ 13+
399 3.2(2) 16+ 13+184 VF ( - 2n) 537 1 .0 (2 ) 8.3 /is 5- 6 +
921 3.3(5) 5- 4+
182VF (—4n) 519 0.3(1) 2 jis 1 0 + 1 0 +
180 VF ( - 6 n) 391 0.4(1) 5.5 ms 8 " 8 +
190QS (+ 2 p+ 2n) 503* 1.2(3) 9.9 min 4+ 2 +
(+ lp —4n) 304* weak 1 ms 2 1 / 2 + 19/2+
( - lp - 3 n ) 172* 1.0(3) 15.8 min 7+ 6 +
i3iTa (—Ip —4n) 177 weak 25 /xs 2 1 / 2 - 2 1 / 2 -
456 0 .2 (1 ) 2 1 / 2 - 19/2-
711 weak 2 1 / 2 - 17/2-
i3°Ta (—Ip —5n) 432 0.4(2) 45 us 15- 14-
184 j j f ( - 2p) 368* weak 48 s 6 + 4+
1 8 2 R f (—2 p—2 n) 344* 0.4(2) 61.5 min 6+ 4+
1 8 0 H f (-2 p -4 n ) 332* 0 .8 (2 ) 5.5 h 6+ 4+
244* weak 10 /xs “ 9- 8 -
1 7 8 R f ( - 2 p—6 n) 325* 1.6(3) 4.0 s 6+ 4+
(i33Ta) 175* 1.3(3) > 1  ms 7 ?
“ From the recent work of D’Alarcao et al. [74].
* The transition is not one which directly de-populates the isomer due to very 
weak intensities or low transition energies for the directly de-populating transi­
tions.
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Figure 6.9: The 7 -ray spectrum gated by the 162, 175, 191, 246, and 266 keV 
transitions in the new band (see inset panel). Although the ordering of the states 
is not firm, a reasonable level scheme has been proposed, with a well formed 
rotational structure being fed by an isomeric state. The low energy isomeric 
transition has not been observed leading to an offset of A for the isomeric level. 
See text for details.
proportion of the low energy events, there are significant counts in this domain 
in the gated spectra. Figure 6.10 shows the X-ray region for the total projections 
using the and ^^^Ta targets, together with the spectrum gated by transitions 
in the new band. The X-rays from the lead backing can be seen clearly in all 
three spectra and though there are few counts in the lower spectrum (for the 
new band), small X-ray peaks do lie at the same energy as tantalum X-rays. 
Therefore, this new band is considered to belong to a tantalum isotope.
The relatively strong population of this isomer with respect to other transfer 
products suggests that a 1-particle transfer is responsible, due to the higher cross- 
section for such processes over multi-nucleon transfer. This, together with the 
X-ray information, points towards the isotope ^®^ Ta as being the most likely 
candidate, produced by 1-proton transfer from the target. The possible 
quasiparticle configurations of these states are discussed in the next section.
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Figure 6.10: X-rays from 3 different 7 - 7  spectra. The top panel shows the total 
out-of-beam spectrum for the target data. The middle panel is the corre­
sponding plot for the ^^^Ta target data. The lower panel shows the X-ray region 
of a spectrum gated by transitions in the new band. The vertical lines (left to 
right) are at the Ka and X-ray energies of tantalum and lead respectively. 
The X-rays in the lower spectrum match with the energies of the tantalum lines, 
but are offset compared with the tungsten X-rays.
6 . 2  D iscussion
In Section 6.2.1 the possible assignments for the new band are discussed following 
an analysis of the band alignment and the in-band 7 -ray branching ratios. In 
addition to this, blocked BCS calculations have been performed for The
results and implications for the level scheme are discussed in Section 6.2.3. The 
systematics of the tungsten 4-quasiparticle isomers are examined in Section 6.2.4
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followed by a discussion of the new results in terms of the limit of access with 
fusion-evaporation reactions in Section 6.2.5.
6 .2 .1  P rop erties o f th e  new  band
The observation of tantalum X-rays in coincidence with transitions in the new 
band, together with the population intensity, favours an assignment to ^®^ Ta. 
This possibility is now investigated in detail.
In ^®^ Ta (and also in ^^^Ta, see Chapter 5), the ground-state band is built on 
a |^[404] 1-quasiproton configuration [93]. The ^®^ Ta ground-state is fed by an 
isomeric yrast |  [514] bandhead with 1^/2 =  0.11 fis [93] at 73 keV. In ^®^ Ta (the 
favoured isotope for the new band) the ground-state band has been tentatively 
assigned the same — 1 proton orbital [94]. As neutrons are added, the 
trend of the — 9/2“ bandheads in the odd-A tantalum isotopes is for in­
creasing excitation energy and shorter half-lives. The 175 keV transition is of the 
right multipolarity and approximately the right energy to continue the system­
atics. The half-life limit for this transition with respect to the band members is 
1^/2<5 ns, based on a time difference analysis (the Ge-BGO TAG (Section 6.1.3) 
was started by the Ge signal and stopped by the electronically delayed BGO sig­
nal). This fits well with the B(E1) rates observed in the lighter odd-A isotopes. 
A state at approximately 163 keV has been observed with a tentative spin of 
9 / 2  [94] from proton pick-up reactions. The uncertainty in this energy is likely 
to be large due to the low energy resolution and relatively poor statistics, and 
the assignment of a 175 keV transition here is not inconsistent with the previous 
study.
To gauge whether the new band could be built on either a 7/2"  ^ or 9/2 1-
quasiproton configuration the in-band branching ratios, T2/T 1 are calculated. The 
rotational model Equations (2.21) and (2 .2 2 ) can be used to derive an experimen­
tal intrinsic g-factor to compare with the calculated values for each configuration. 
The parameters Q q  ~  6.5 e-b and qr = 0.3 are chosen as these reproduce the
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intrinsic g-factors for the = 7/2^ and 9/2“ bands in ^®^ Ta [9].
Table 6.4 shows the results based on two assumptions for the K  values at 
the bandhead, namely =  7/2'*' and 9/2” . The g-factors fluctuate very little 
over the range of spins. However, the calculated quantities using the asymptotic 
Nilsson quantum numbers are
{9k  -  9r )/Q o = +0.06 for K ” =  p  
=  +0.16 for K'^ = I ”
For RT — 9/2 the experimentally determined g-factors agree, within the uncer­
tainties, with the calculated value based on the 7t|~[514] Nilsson orbital. The 
\{9i< ~  9 r ) / Q o \ values assuming R" =  7/2 do not agree with the calculated quan­
tity. This provides evidence for a |~[514] assignment, and supports the placement 
of this band and its associated isomer in ^®^ Ta.
Table 6.4: Gamma-ray branching ratios and g-factors for the new band.
R(%) E2 El T2/T 1 \{9k — 9r)/Q o\ (e-b) ^
7/2* 9/2* (MeV) 7/2* 9/2*
1 1 /2 13/2 0.354 0.191 0 .1 1 + 0 .1 0 0.21+0.50 0.15+0.36
13/2 15/2 0.409 0.218 0.33+0.17 0.18+0.08 0.13+0.06
15/2 17/2 0.464 0.246 0.72+0.23 0.15+0.04 0.11+0.03
17/2 19/2 0.512 0.266 0.60+0.17 0.20+0.04 0.15+0.03
“ Assuming K  =  7/2. 
 ^ Assuming K  =  9/2.
Adding one unit of spin for each level above an H  — 9/2” bandhead would 
mean that the transition directly de-populating the isomer feeds the 19/2“ mem­
ber of the band. This transition has not been observed but can be given energy 
limits of < 1 0 0  keV (Ml) and <80 keV (El) on the basis of detection-efflciency 
and conversion-coefficient considerations. Comparison with blocked BCS calcu­
lations (as described in Section 3.1) favours a RT^  =  2 1 / 2 ” { | ’*"[402], | ’*'[404], 
|~[514]} 3 -quasiproton conflguration for the isomer, consistent with an isomeric
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Ml transition. This is the same configuration proposed for the K'^ — 2 1 / 2 “ 25 
fis isomer in *^ ^^ Ta (Chapter 5). It should be noted that the 175 keV transition 
could itself be the isomeric decay, as the ordering cannot be unambiguously de­
termined in this work. This would lead to a probable = 21/2+ assignment for 
the tif 2 > l ms isomer, but would not alter the proposed configuration of § [514] 
for the observed rotational band, or its placement in ^^ ®Ta.
The aligned angular momentum, I^, for the new band is plotted in Figure 6.11 
along with that for the 1-quasiproton §” [514] band in ^®^ Ta. The formulae of 
Purry et ai [28], Equations (2.40) and (2.41) have been used. The two sets of 
values lie very close together, suggesting that similar particles may be involved in 
both bands. The slopes of the lines are also very alike which leads, for example, 
to similar dynamic moments-of-inertia, (Section 2.8) which again might
be expected if these structures are built on the same configuration. It should 
be noted here that when the alignment for the new band is plotted assuming 
K  = 7/2 along with the =  7/2+ band in ^^^Ta, the relationship between the 
two is as for the K  =  9/2 scenario shown in Figure 6.11. These data points have 
been omitted from Figure 6 .1 1  for clarity.
Although the assignment of this band in ^^^Ta is not confirmed, the X-ray 
evidence and the relative population intensity point strongly towards this place­
ment and this is supported by the analysis of the in-band 7 -ray branching ratios 
and comparisons with Nilsson model calculatons. Further data are necessary 
before a configuration for this isomer and the band that it populates can be 
unambiguously assigned. This new band is reported in Ref.[95].
6.2.2 D ecays from intrinsic sta tes
The strongest decay branch from the K'^ — 7~ isomer in 7^4W n2 (Figure 6.1) 
is the 195 keV stretched E2 transition to the H  = 5“ member of the octupole 
band. Weaker branches include decays to the 6 + members of the 7  vibrational and 
ground-state bands. The latter of these has the highest degree of RT-forbiddenness
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Figure 6.11: A plot of aligned angular momentum, /x, versus rotational frequency 
huj for the 7t{ | [514]} band in ^^^Ta (from Chapter 5) and the new band observed 
in the target data. Both A7 =  1 and 2 transitions are plotted for each band.
{u ~  6 , Section 2.5) the hindrance of which is discussed in Section 7.3.4. =  7“
isomers are also known in the isotone 7^ 6 0 sn 2 at 1771 keV with ti / 2  = 14 ns 
[96], that decays by a A I  ~  2 102 keV transition to the octupole band, and in 
^YgOsiio [97, 98, 99], with t i / 2  — 8.5 ns (Chapter 7). The latter has the same 
2-quasineutron ^{y^[615], |~[512]} assignment proposed for the 18 jus isomer in 
186w . In addition there is a 2.4 ns isomer in [90] with the same configuration.
The =  (16+) tif2>3 ms isomer in decays predominantly via a 399
keV M3 transition. The systematics of isomeric M3 decays are presented in 
Ref. [100] in terms of the Weisskopf hindrance factors, Fw, (Section 2.5) versus 
mass number. The 399 keV transition observed in has FVv^O.2 which
lies on the lower limit with respect to the other examples in A%180 nuclei. This 
supports the M3 assignment for the 399 keV transition. It is worth noting that all 
the other data points in Ref. [100] for known isomeric M3 transitions are in either 
odd or odd-odd nuclei. A measurement of the half-life of the =  (16+) state
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in would enable a quantitative comparison with isomeric M3 systematics to 
be made.
6.2.3 M ulti-quasiparticle calculations
Blocked BCS calculations, as performed for ^®^ Ta (Section 5.3.3), have been used 
to calculate the energies of multi-quasiparticle configurations in using de­
formation parameters C2 =  0.198 and €4 =  0.061 [81]. The Nilsson single-particle 
energies were adjusted to reproduce approximately the neutron and proton single­
quasiparticle energies, where available [9, 82], in neighbouring odd-A nuclei 
and ^^^Re respectively. The neutron monopole pairing strength was optimised 
to give approximately the correct energy for the 7“ isomer in resulting in 
Gi, = 22.5/A MeV. The proton pairing strength, Gt^ = 23.5/A MeV, was chosen 
to be 1 .0 /A MeV higher, consistent with Ref.[31].
From Figure 6.12 it can be seen that there are two low lying 7~ states and a 
low 16+ state. Table 6.5 summarises the properties of the intrinsic states. The 
most yrast calculated 2-quasiparticle 7“ state is a 2-quasiproton configuration. 
This differs from the preferred 2-quasineutron coupling for the 18 /is isomer, 
assigned by comparison with However, the 2-quasineutron configuration
is calculated to lie only 190 keV higher in energy, and this state has favoured 
residual nucleon-nucleon interactions (Section 3.1.3), unlike the 2-quasiproton 
state. Residual interactions can alter the energies by '^lOO keV, therefore it is 
not unreasonable to assume that the 2-quasineutron K'^ = 7~ level could lie at or 
below the energy of the corresponding 2-quasiproton state. A mixed configuration 
is also a possibility. The calculation of a low lying proton 7~ state could also point 
to an underestimated G^ r parameter. Further experimental information, such as 
from a rotational band based on the 7~ isomer, would be needed to remove these 
ambiguities.
The calculated = 16+ state at 3449 keV is of the right spin and parity 
to account for the long-lived state observed at 3544 keV. The residual interac-
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Figure 6.12: A plot showing the calculated multi-quasiparticle states for i86yy_ 
Only configurations close to yrast with couplings to maximum K  are plotted.
tions are favoured for this configuration which again suggests that the proton 
monopole pairing strength (G^) is too low. Experimentally, this K'^ — (16+) iso­
mer lies below the H  = 14+ member of the ground-state band (3563 keV [8 6 ]), 
qualifying it as an “yrast trap” because it is forced to decay by transitions with 
multipolarities A>1.
There are several configurations predicted to lie in the energy range between 
the two isomers which could be the intrinsic states populated in the decay of 
the (16+) level. When a preliminary consideration of the residual interactions is 
made, the lowest of these levels would be 9“ , 10“ , 11“ , 12“ , 13+ and 14+ (see 
Table 6.5). Figure 6.13 shows a comparison of the experimental and calculated
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Table 6.5: The energies for calculated and observed levels are compared. Only the 
lowest calculated energy for each spin is shown, except for the 7“ states for which 
there are two candidates. In the first column (f) indicates the most favoured by 
residual interactions for the given orbitals, though the energies (“Calculation”) 
are quoted without residual interactions. Brackets around the experimental en­
ergy imply that the spin and parity assignments for the levels are tentative.
Assignment Multi-quasiparticle Energy (keV) Configuration
K'^ Experimental Calculation
7~ 1517 1539 ?r: 5/2[402]t, 9/2[514]t
7“ (f) 1517 1729 z/: 3/2[512]J., ll/2[615]t
9- (2118) 1910 V. 7/2[503]t, ll/2[615]t10- (f) (2286) 2549 u\ ll/2[615]t, 9/2[505]4.
1 1 “ (2673) 2682 1/: 7/2[503]t, 3/2[512]4.l/2[510]t, ll/2[615]t12~ (2838) 3271 7/2[503]t, 3/2[512];
(8>7t: 5/2[402]t, 9/2[514]t
13+ (f) (3145) 3389 v\ l/2[510]t, ll/2[615]t
07t: 5/2[402]t, 9/2[514]t
14+ (3535) 3267 u: 3/2[512]4,, ll/2[615]t
07t: 5/2[402]t, 9/2[514]t
16+ (f) (3544) 3449 u\ 7/2[503]t, n/2[615]t
07T: 5/2[402]t, 9/2[514]t
intrinsic states. Generally, there is good agreement between the two, with most 
of the states favoured by residual interactions calculated higher in energy than 
the corresponding observed level. The converse is also true. This demonstrates 
that the structure above the K'^ =  7~ isomer can be reproduced with reasonable 
agreement to the data, but additional information would be needed for firm 
assignments.
The shapes of high-TC intrinsic states are investigated in detail in Chapter 7, 
but configuration-constrained potential-energy-surface calculations (Section 3.2 
and Ref.[37]) have been performed for the ground state, 7~ states (both proton 
and neutron) and 16+ state. These show that all of these isomers are axially 
symmetric with a triaxiality parameter (Section 2.2) of 7 < 2° in each case. The 
2-quasineutron K'^ = 7~ state is predicted to lie below the corresponding 2 -
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Figure 6.13: Experimental and calculated intrinsic states in The favoured 
labels for the calculated states indicate the most favoured by residual nucleon- 
nucleon interactions for the given orbitals. The calculated 12" state at 3271 
keV has been omitted for clarity although is should be noted that this level is 
calculated higher in energy than the observed (1 2 ") state but does not have the 
most favoured residual interactions.
quasiproton state by these calculations and unlike the blocked BCS calculations 
there is no adjustment of the single-particle energies or the monopole pairing 
strengths.
6.2.4 T ungsten  4-quasiparticle system atics
Four-quasiparticle isomers have been previously observed in all the even-even 
tungsten isotopes from to inclusive [28, 101, 102, 103]. The new
=  (16+) isomer in discovered in the present work extends the systematics
to N=112. However, there is a notable gap at N—110 corresponding to 
where no structures with seniority greater than two have yet been observed. In
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order to try and predict where such a state might lie, blocked BCS calculations 
have been performed for the even-even tungsten isotopes to 8^6\y, using
deformation parameters from Ref.[81]. There was no adjustment of the single­
particle energies and the monopole pairing strengths were kept as G,^  ~  22.5/A 
MeV and =  23.5/A MeV, as these gave reasonable results for 8^6yy each 
case the most yrast calculated 4-quasiparticIe state is compared in Figure 6.14 to 
the most yrast seniority-4 isomer that has been observed. The “yrastness” of the 
levels was taken with respect to the corresponding ground-state band member. 
Where this band was not known to sufficiently high angular momentum 
and 8^6\y)^ an extrapolation was performed from the known rotational states. 
This approach makes as few assumptions as possible and treats all the isotopes 
consistently.
Figure 6.14 shows the excitation energies of both the calculated and exper­
imental levels with the ground-state band reference energy subtracted for each 
isotope. The experimental states show an almost linear trend, becoming more 
yrast with increasing neutron number. The calculated energies are in good agree­
ment with the experimental levels for ’■8°W, ^82^y and 8^6\v. (The agreement for 
i86w  is expected based on the calculations performed above in Section 6.2.3.) 
The deviations for the lighter isotopes are likely to be due to an over estimation 
of the monopole pairing strengths since there is no a priori reason for these to 
remain constant. Even so, the general behaviour of decreasing relative excitation 
energies as neutrons are added, is reproduced. These systematics suggest that 
i84w may yield a long-lived isomeric state. The calculations predict a favoured 
K'^ =  17“ configuration at 4113 keV. Experimentally, this could be populated 
with the same experimental setup used here, but bombarding a target isotopi- 
cally enriched in ^84^7. The half-life of the supposed isomer would need to be 
greater than about 10 0  ns, and not longer than many hours, for the decays to be 
recorded in the off-beam counting time with good efficiency.
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Figure 6.14; A graph showing the lowest experimental (filled circles) and calcu­
lated (solid line) 4-quasiparticle states as a function of neutron number, in the 
even-even tungsten isotopes from to The energy of the corresponding 
ground-state band rotational member has been subtracted from the excitation en­
ergies for each case, in order to illustrate the degree to which the isomers become 
yrast at high neutron numbers.
6.2.5 B eyond  th e  fusion lim it
The new =  (16" )^ isomer observed in extends the 4-quasiparticle K- 
isomer systematics beyond the limit of access using fusion-evaporation reactions, 
for the first time. This limit can be defined by the (gHe,2 n) and (gLi,3n) reac­
tions, which bring in suflScient angular momentum to populate seniority-4 states. 
Figure 6.15 shows the new result together with the other known high-AT isomers. 
Two other data points lying to the neutron-rich side of the fusion limit are for 
^®^ Hf and discovered in a follow-up experiment [74] using a ^^°Hf target with
the setup as described in Section 5.1. Note that ^flWuo, where no 4-quasiparticle 
isomer is known, is also out of reach of fusion-evaporation reactions.
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It is notable that the new results establish long-lived isomers in a previously 
inaccessible region of the nuclear chart. Many long-lived isomers should now be 
identifiable with the new generation of gamma-ray detector arrays.
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Figure 6.15: The mass 180, high-AT-isomer region of the nuclear chart. Circles 
represent observed isomers with seniority >4 and half-lives more than a few 
nanoseconds (large circles for t i /2 >1 ms). The bold line dividing the region 
gives the limit of access with fusion-evaporation reactions (see text for details). 
The new result for I74W112 is well to the neutron-rich side of this limit.
6 . 3  Sum m ary
New isomeric states have been populated in by inelastic reactions using 
beams. A 2-quasiparticle K'^ — 7~ isomer with ii /2 =  18 /us has been assigned 
to ^86\y^ decaying to the ground-state band and the 7  and octupole vibrational 
bands. A new 4-quasiparticle state with a probable 16"^  configuration has been 
placed above the 18 //s level. The half-life could not be measured in this work 
but lies in the range 3 m s<ti/2 < 1 0 0  s. The non-rotational structure of the states
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populated in the decay of the seniority-4 isomer suggests that many of the in­
termediate levels are intrinsic. Although the level ordering remains ambiguous, 
lifetime information and intensity balancing have been used to construct a rea­
sonable level scheme. The excitation energies of the proposed intrinsic states are 
in good agreement with predictions by blocked BCS calculations. The new re­
sults extend the known 4-quasiparticle isomers in to neutron-rich nuclei beyond 
the limit of access with fusion-evaporation reactions. The systematics of the 
known seniority-4 states in the even-even tungsten isotopes are well reproduced 
by blocked BCS calculations and a corresponding yrast intrinsic state in is 
predicted.
In addition, a new ti/2> l ms isomer, populated by nucleon transfer, has been 
tentatively assigned to ^85^  ^ A — 2 1 / 2 " 3-quasiproton configuration is 
proposed. This extends the systematics of the 3-quasiparticle tantalum isomers 
to the neutron-rich side of stability for the first time.
The observation of long-lived states, the excitation energies of which are in 
good agreement with Nilsson model predictions, suggests that these calculations 
are reliable at high neutron numbers. The advent of suitable radioactive beams 
may soon allow predictions [3] of very high-spin very long-lived states in neutron- 
rich nuclei to be tested.
Chapter 7
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As protons and neutrons are added, beyond Z=72 and N=106 the nuclear shape 
becomes more susceptible to non-axial fluctuations, induced by multi-quasiparticle 
excitations. The observation of the anomalously fast decay of the K'^ = 25+, 
tij2 =  130 ns isomer directly to the ground-state band in ^75 Os [80], is a possible 
indicator for the loss of axial symmetry. Recent potential-energy-surface calcula­
tions by Xu et al [37] yield a modest value for the triaxiality parameter, 7 = 1 0 ° 
for this isomeric state. However, the non-yrast status of this isomer means that 
statistical AT-mixing due to the high density of states, could be playing a role in 
the breakdown of the JT-selection rules [4]. At higher neutron numbers Nilsson 
model calculations of the type described by Jain et al. [31] suggest that such in­
trinsic states may become yrast, which would help in pinpointing the mechanism 
responsible for the collapse of AT-conservation. However, the experimental limit 
of using stable beam and target combinations prohibits access to neutron-rich 
nuclei.
In this chapter, new data are presented on the stable isotope 7^0Os, which has 
been populated to high-spin by using a neutron-rich radioactive beam. A re­
cent experiment to study this nucleus [104], with the i^^W(^He,4 n)^86Qg reaction 
observed a breakdown in the collective structure at 18 h, but due to the light-ion 
beam, the behaviour above 22 h remained out of reach. The new data have consid-
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erably extended the level scheme, and a series of 2- and 4-quasiparticle bands have 
been identified. The structure at high-spin has been clarified and new states have 
been observed. The results are discussed in conjunction with potential-energy- 
surface calculations [37] (Section 3.2). In addition, the first backbend in the yrast 
states [97] has been elucidated and the nature of the crossing band established. 
This provides the clearest example of a high-AT i-band crossing in an even-even 
nucleus. The results of this work are reported in Refs.[98, 99].
7.1 Experim ental m ethod
DC beams of radioactive have been used to bombard a 5 mgcm~^, self- 
supporting target of ytterbium enriched to 95.7 % in ’•^^Yb. High-spin states 
in the residual nucleus ^86 Qs were populated in the fusion-evaporation reaction 
7^oYb(^gC,4 n)^86Qg using a 67 MeV beam provided by the NBI tandem accel­
erator. The reaction products were stopped in the target, at the centre of the 
Nordball array, comprising 18 coaxial and 2 planar Compton suppressed germa­
nium detectors. The germanium detectors were arranged in rings at angles of 
±37°, ±79°, ±101° and ±143° to the beam direction. A high efficiency, 50 el­
ement ball of BaFg detectors allowed 7 -ray multiplicity to be measured, and a 
30 element silicon-detector inner ball was included to enable the charged-particle 
evaporation channels to be studied [105]. A master trigger condition required 
at least 2 germanium detectors and either 3 BaFg or 1 silicon element(s) to fire 
in coincidence. There was a time window of 550 ns for coincidences, started by 
the BaF2 or silicon ball signal. Efficiency and energy calibrations were obtained 
using 8^^Eu and sources.
For the above reaction the expected angular momentum input in to the fusion 
products is 29 h, which is in good agreement with the highest observed state in 
^8^0s at (30) h.
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7.1.1 7  — 7  analysis
The level scheme was constructed by analysing 7 -ray coincidences with previously 
known, low-spin states [97]. The events were sorted into 4096 x 4096 matrices 
which were sliced to obtain background-subtracted projected spectra. The first 
matrix was built with all 7 -ray events in which two or more coaxial germanium 
detectors fired. A second matrix was generated with the additional constraint 
that the coaxial detector signals were delayed (by between 120 and 550 ns), to 
search for decays from long-lived states. The timing was taken with respect to the 
signal from either the BaF2 or silicon ball. The analysis program XMESC [60] was 
used to slice these symmetrised matrices. To examine coincidences between low- 
energy 7  rays and X-rays, a third matrix (7 -X) was constructed. This contained 
events in which at least one planar and one coaxial detector fired.
7.1.2 D C O  ratios
The method of Directional Correlations de-exciting Oriented states (DCO) [51] 
was used to distinguish between quadrupole and dipole radiation (see Section 4.2). 
A matrix was constructed by incrementing energy signals from coaxial detectors 
at angles ±79° and ±101° on one axis, and angles ±37° and ±143° on the other 
axis. This matrix was then fitted using matrix peak search and fitting programs. 
The ratios of 7 -ray intensities projected onto the two different axes were then 
examined using Equation (4.3). Gating on a stretched quadrupole transition, for 
example, gave efficiency corrected ratios of %0.56 for pure A / =  1 dipole 7 -rays 
and %1.00 for stretched quadrupole transitions [52].
7.1.3 H alf-lives
The half-lives measured in are all less than 10 ns. These were obtained
using two methods. The first involved sorting events into a 7 - 7 -time cube, with 
7 -ray energy on two axes and the time difference between the two energy signals
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on the third axis. The projected time spectra were fitted with a prompt Gaussian 
peak convoluted with an exponential decay. A fitting routine [106] of the type 
described in Ref.[107] was used. A second method, capable of greater statistical 
accuracy, employed a 7 -time matrix. Plotting time centroids as a function of 
7 -ray energy enabled small shifts to be to identified.
7.2 R esults
Figure 7.1 shows the level scheme deduced in the current work. Spin and parity 
assignments have been made in several different ways. DCO ratios have been used 
to distinguish between dipole and stretched quadrupole radiation (Section 4.2). 
Quadrupole transitions are assumed to have electric character, except where half- 
lives have been measured. For low-energy transitions, a total electron conversion 
coefficient could be calculated, such that the intensity into and out of a given level 
is balanced (Section 4.3). These quantities can then be compared to theoretical 
values [53] to give a multipolarity. Thirdly, important consideration is given to 
the relative 7 -ray intensities for states with several decay branches.
Quasiparticle configuration assignments to intrinsic states have been made, 
taking in to account several factors. The first, is that for a rotational sequence, 
K  is equal to the spin of the bandhead. The validity of this assumption will 
be investigated in Section 7.3.6. The in-band E2/M1 branching ratios can be 
used in conjunction with the rotational model [13] to obtain \{g^ c — gR)/Qo\ 
which can be compared with theoretical values to distinguish between different 
configurations (see Section 7.3.3). Plotting the rotation-aligned component of the 
angular momentum against rotational frequency for a given band can also provide 
evidence for configurations. This is discussed in Section 7.3.2. For instance, high- 
j  orbitals (e.g. 243/2 neutrons) are generally more rotationally aligned than low-j 
orbitals, due to larger Coriolis forces (Section 2.8). In Section 7.3.5, Nilsson 
model calculations [31] are discussed, and compared to the experimental data.
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For a given spin and parity, the lowest calculated configuration is taken.
Table 7.1 lists the transitions, together with the relative intensities and spin 
and parity assignments. For most transitions an example DCO ratio is also listed, 
though typically there are many other values that corroborate each multipolarity 
assignment.
The following sections describe the main features of the i86Qg level scheme 
and give details of how assignments were made.
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Figure 7.1: (a) Partial decay scheme for the = 0+, 2+,4+, 5“ , 7“ , 9” and 10+ 
bands. The high-spin negative parity states are also shown; (b) Partial level 
scheme for the decay of the high-spin structures in 8^6Qg The most intense 
decay path through the low-AT bandheads is shown in addition to the K'^ =  1 0+ 
and ground-state bands. The width of the arrows is proportional to the 7 -ray 
intensities (black) and the electron conversion (white). Vertical arrows indicate 
assigned in-band transitions. Energies are in keV. Half-lives (or half-life limits) 
are given for several states.
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Figure 7.1 continued
7.2.1 T he grou n d-state band (band I)
No new levels have been firmly assigned to the ground-state band (g-band) beyond 
the previously known 14+ state [97, 108], although a new band (la) has been 
identified that feeds directly into this level. This is a candidate for a rotational 
aligned low-FT g-band (see Sections 2.3.1 and 7.3.1). From Section 7.3.2, the 
alignment for this band is much higher than that of the g-band. A new level 
(Ib) at 4352 keV has been observed but the spin and parity assignments remain 
tentative because a reliable DCO ratio cannot be obtained for the low intensity 
793 keV transition. However, this state is a candidate for the 16+ member of the
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Table 7.1: Energies, assignments, relative intensities, and DCO ratios for transi­
tions observed in lyfOs.
(keV) Ei E f Assignment® 4 R d c o  [gate (keV)]118.9 3936 3817 16+VIIW15+VIII 4.56(16) —
120.9 6154 6033 (24+) 7r®->22+ -f- vr 9.8(3) 1.1(2) [530]
132.3 2564 2432 lo + v in ^ io - v i i 3.1(2) —
137.3 137 0 2+WO+I 799(26) 1.00(1) [648]
140.0 911 768 3+111-^2+111 4.27(20) —
143.3 1772 1629 6 -V ^ 5 -V 45.1(14) 0.47(2) [585]
146.1 1775 1629 7 -V I-4 5 -V 244(7) 0.96(2) [585]
(148.5) 3441 3294 14+VIIW 13+Vin 3.0(1) —
153.8 7145 6991 28+ +  7r®->26+ +  TT 21.3(7) 1.00(6) [560]
158.8 1071 911 4+IIW 3+III 4.70(23) —
167.3 1940 1772 7-V-)-6-V 19.7(7) 0.53(7) [585]
193.8 1969 1775 8“VI->7-VI 264(8) 0.60(1) [146]
195.0 2134 1940 8-V~>7“V 12.1(5) —
197.3 2166 1969 9 -V IW 8 -VI 212(6) 1.05(2) [146]
200.9 5704 5503 2l(+) +  7r®->20+ +  7T 11.9(4) 0.74(7) [1007]
206.0 5704 5498 2l(+) 4- 7T®^20+ +  TT 4.8(2) —
207.7 1560 1352 5+IV-^4+IV 4.8(3) —
210.7 3433 3222 13+IX-)-(12+)IXa 2.3(1) —
216.5 2350 2134 9 -V -4 .8 -V 7.46(28) 0.58(5) [362]
218.2 5246 5027 (1 9 - )  -  7T^->(18+) -  7T 13.9(5) 0.67(5) [560]
219.2 1492 1276 6+111^5+111 1.9(2) —
219.7 2189 1969 9 -V W 8 -VI 43.1(13) 0.56(2) [146]
226.7 2166 1940 9-VII->7-V 4.1(2) —
228.6 5562 5333 (20-) -  7T^^19- -  7T 14.4(5) 0.85(7) [560]
232.9 3040 2807 12+V III^ll+V III 29.6(9) 0.54(3) [523]
237.6 2588 2350 10-V->9-V 6.03(24) 0.59(10) [585]
243.0 2807 2564 11+VIIWlO+VIII 84.6(26) 0.56(3) [523]
243.3 2432 2189 10-V IW 9-V I 6.8(3) 0.65(4) [413]
245.5 3433 3187 13+IX->12+IX 32.8(10) 0.57(5) [648]
247.2 2436 2189 10-VI->9"VI 20.4(7) 0.58(6) [413]
252.8 1461 1207 4+IW 2+II 3.9(1) —
254.6 3294 3040 13+VIIW12+VIII 25.3(8) 0.58(3) [523]
258.4 3817 3559 15+VIII^14+I 5.4(2) 0.54(4) [777]
263.6 2699 2436 11-V I^lO -V I 4.2(2) —
264.5 2853 2588 i i - v - > i o - v 4.6(2) —
265.6 2432 2166 10-V IW 9-V II 41.0(13) 0.60(3) [146]
267.3 2699 2432 11-V W lO -V II 9.2(4) 0.63(7) [463]
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Table 7.1 — continued
(keV) E i E f Assignment® A E d c o  [gate (keV)](268.2) 3558 3290 14-VW 13-VI 2.2(2) —
269.5 2436 2166 10-V I-49-V II 46.9(14) 0.67(3) [146]
276.7 1629 1352 5-V ->4+IV 332(10) 0.79(1) [146]
278.5 2978 2699 1 2 -V W ll-V I 9.62(37) —
279.1 2715 2436 i i - v i i - > i o - v i 43.5(14) 0.59(5) [467]
280.7 1352 1071 4+IV ^4+III 16.9(6) 0.92(6) [934]
283.0 2715 2432 i i - v i i - > i o - v i i 20.9(7) 0.59(7) [595]
292.4 3008 2715 12-V II->11-V II 36.8(11) 0.68(10) [549]
296.9 434 137 4+W 2+I 1000(30) 0.98(1) [435]
299.1 3732 2433 15+X->13+IX 80.5(24) 0.94(7) [1118]
302.1 3310 3008 13-VIW 12-VII 22.3(7) 0.66(4) [637]
302.5 1071 768 4+III->2+III 5.78(34) 1.14(16) [768]
306.1 5333 5027 19" -  7T^^(18") -  7T 17.5(6) 0.93(9) [560]
310.4 1940 1629 7"V-4-5-V 24.0(8) 1.03(6) [411]
311.5 3290 2978 13-VI->12"VI 2.93(18) —
314.7 3624 3310 14"VII->13"VII 13.0(4) 0.56(7) [595]
319.8 3507 3187 (13)IXb-4l2+IX 2.7(2) —
321.5 6475 6154 (25+) +  7t®^(24+) +  7T 15.9(5) 0.75(10) [530]
322.2 3947 3624 15-VII->14"VII 5.70(23) 0.64(12) [678]
327.6 5704 5376 2i(+) +  7r®->20+ +  7T 27.8(9) 0.68(3) [880]
336.9 4284 3947 16"VII->15-VII 2.95(19) —
341.7 5904 5562 (21~) -  7r^~>(21+) -  7T 10.0(3) 0.95(12) [560]
351.6 1813 1461 6+IW 4+II 5.2(4) —
353.0 1629 1276 5 -V -4 5 + m 64.5(20) 1.00(3) [297]
361.9 2134 1772 8”V->6"V 35.5(12) 1.01(8) [454]
362.4 6066 5704 (22+) +  7t®->21(+) +  7T 9.5(3) 0.85(10) [880]
365.0 1276 911 5+111^3+111 14.4(5) 0.93(11) [137]
368.9 4101 3732 16+X ^15+X 45.7(14) 0.57(2) [299]
376.5 3817 3441 15+VIIW 14+VIII 4.8(3) —
376.8 3936 3559 16+VIIW 14+I 5.00(24) 1.0(1) [777]
380.2 3187 2807 12+IX->11+VIII 7.3(3) —
383.2 4484 4101 17+X-^16+X 14.6(5) 0.49(6) [648]
386.0 4870 4484 18+X->17+X 7.0(3) —
392.3 3433 3040 13+1X^12+VIII 13.3(4) 0.57(10) [476]
394.6 4496 4101 18+ +  7t®->16+X 5.9(2) —
397.2 2564 2166 10+V IIW 9-V II 151(5) 0.72(5) [495]
401.1 3441 3040 14+VIIW 12+VIII 11.3(4) 1.1(2) [476]
407.2 1276 869 5+IIW 6+I 6.73(36) —
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(keV) Ei Assignment® A E dco [gate (keV)]410.7 2350 1940 9-V->7"V 30.3(10) 0.97(6) [310]
413.4 2189 1775 9-V W 7-V I 37.3(12) 0.96(7) [511]
417.4 5376 4959 20+ +  7T®^19++7r 21.5(7) 0.61(5) [560]
420.8 1492 1071 6+III->4+III 17.6(7) 1.07(7) [934]
421.8 5924 5503 (21 + ) +  7T®->20+ +  7T 9.5(3) 0.9(1) [1007]
426.7 5925 5498 (21 + ) +7T®H^20+ +7T 9.5(3) 1.0(1) [1002]
434.9 869 434 6+W4+I 822(25) 1.02(1) [297]
441.5 1352 911 4+IV~>3+III 90.5(28) 0.91(3) [146]
445.3 2258 1813 (8+)II-^6+II 9.4(4) —
463.9 2588 2134 10"V->8-V 28.3(9) 0.99(8) [362]
456.9 6490 6033 24+ +  7t®-^22+ +  TT 67.2(20) 0.96(3) [560]
460.9 6490 6029 24+ 4- 7t®-4-22+ +  7T 27.9(9) 0.83(6) [880]
462.8 4959 4496 19+ +  7T®^18+ +7T 120(4) 0.55(3) [530]
463.1 2432 1969 10-V IW 8-V I 26.5(9) 0.88(4) [146]
466.8 2436 1969 10-VI->8"VI 27.8(9) 1.03(8) [146]
(474.2) 6949 6475 (26+) +  7T®—>(25+) +  7T 11.7(4) —
475.2 1751 1276 7+111^5+111 16.5(6) 0.97(8) [567]
476.1 3040 2564 12+VIII->10+VIII 13.7(5) 0.94(16) [401]
476.4 911 434 3+III->4+I 9.78(45) —
478.5 4415 3936 17+VIII->16+VIII 7.9(3) 0.65(6) [495]
484.4 7479 6995 (26+)+7T®->(25+)+7r 1.1(1) —
488.0 3294 2807 13+VIII->11+VIII 27.3(9) 0.97(8) [523]
489.0 1560 1071 5+IV->4+III 11.0(6) 1.1(1) [934]
494.9 3936 3441 16+Vm->14+VIII 345(10) 1.01(1) [659]
501.2 6991 6490 26+ +  7t®-4-24+ +  7T 63.5(19) 0.98(3) [560]
502.2 2853 2350 l l “ V->9-V 23.7(8) 0.98(7) [411]
505.1 6995 6490 (25+) +  7t®->24+ +  7T 11.5(4) 0.64(7) [457]
510.6 2699 2189 11-V W 9-V I 53.9(17) 1.03(6) [591]
523.1 3817 3294 15+VIIW 13+Vin 36.5(11) 0.98(8) [598]
524.0 2016 1492 8+III->6+III 22.4(8) 0.97(6) [609]
(524.6) 6449 5924 (22+)+7r®->(21+)+7T 0.7(2) —
530.1 2788 2258 (10+)II->(8+)II 5.7(4) —
530.1 6033 5503 22+ +  7r®->20+ +  7T 30.5(10) 0.98(6) [457]
530.7 6029 5498 22+ +  7T®-420+ +  7T 16.7(6) 0.93(9) [1002]
531.5 5027 4496 (18-) -7 r'^^18+ + 7r 57.2(18) 1.04(3) [560]
534.6 6033 5498 22+ +  7r®->20+ +  TT 12.7(4) —
535.6 3124 2588 12-V->10~V 12.7(5) 1.07(6) [454]
539.5 5498 4959 20+ +  7T®-4-19+ +  7T 41.7(13) 0.54(3) [560]
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Table 7.1 — continued
(keV) E i E f Assignment® A R d c o  [gate (keV)]542.0 2978 2436 12-VI->10-VI 14.9(5) 0.95(6) [146]
543.7 5503 4959 20+ +  TT®—>19+ +  7T 42.5(13) 0.56(3) [560]
545.9 2978 2432 12-VW lO-VII 19.8(7) 1.16(6) [580]
549.2 2715 2166 ll-V II->9-V II 8.79(4) —
552.2 1421 869 8+I->6+I 596(18) 0.99(1) [137]
558.4 1629 1071 5-V-^4+m 98.6(30) 0.91(4) [934]
559.6 4496 3936 18+ +  7t®->16+VIII 310(9) 1.01(1) [495]
566.6 2318 1751 9+IIW 7+III 20.8(8) 1.02(7) [639]
567.4 7712 7145 (30+) +  7T®->28+ +  TT 11.7(4) 1.3(1) [457]
570.0 4506 3936 18+VIII->16+VIII 55.1(16) 0.98(4) [495]
570.2 5094 5333 (21") -  7T'^ ->19" -  7T 8.0(4) —
571.6 3008 2436 12"VII->10"VI 13.7(5) 1.1(2) [617]
573.3 3426 2853 13"V->11"V 17.6(6) 1.05(6) [502]
575.8 3008 2432 12"VIW 10"VII 11.0(4) —
580.2 3558 2978 14"VW12"VI 36.3(12) 1.02(7) [612]
584.7 1352 768 4+IV->2+III 220(7) 0.97(2) [767]
590.5 3290 2699 13"V I-4ll"V I 33.0(11) 0.97(6) [511]
595.3 3310 2715 13"VII->11"VII 29.4(9) 1.1(1) [637]
598.2 4415 3817 17+VIII->15+VIII 33.1(10) 1.02(8) [523]
606.8 7751 7145 (30+) +  TT®—>28+ T 7T 11.0(4) 0.9(1) [457]
609.4 2625 2016 10+III-48+III 22.5(8) 1.03(6) [524]
612.4 4170 3558 16"VW14"VI 39.2(12) 0.99(7) [580]
616.6 3624 3008 14"VII->12"VII 30.9(10) 1.16(10) [585]
622.6 1492 869 6+IIW 6+I 20.6(8) 0.85(7) [435]
623.6 3187 2564 12+IX->10+VIII 25.9(8) 1.94(14) [245]^
626.2 3433 2807 13+IX->11+VIII 21.9(7) 1.81(12) [243]^
630.6 768 137 2+111-^2+1 125(4) 0.86(2) [585]
635.5 7780 7145 (30+) +  7T ® -> 28+  +  7T 3.7(2) —
636.8 1071 434 4+III->4+I 98.6(3) 0.92(2) [297]
636.9 4063 3426 15"V->13"V 15.7(6) —
637.4 3947 3310 15"V II^13"V II 25.7(9) 0.91(9) [595]
(637.6) 3761 3124 14"V-4l2"V 8.54(40) —
639.0 2957 2318 (ll+)III->9+III 14.1(5) 0.98(6) [567]
647.6 2069 1421 10+i_>8+l 542(16) 1.00(1) [137]
648.9 4819 4170 (18")VI->16"VI 18.6(7) 0.91(6) [612]
649.7 1560 911 5+IV^3+III 12.9(7) —
652.1 3942 3290 15"VI->13"VI 25.0(8) 0.98(7) [591]
652.4 6029 5376 2 2 +  +  7T ® -> 20+  +  7T 35.8(11) 0.99(5) [880]
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Table 7.1 — continued
(keV) E i E f Assignment® A R dco  [gate (keV)]656.6 6033 5376 22+ +  7T®->20+ +  TT 25.7(8) 0.91(6) [880]
659.0 3441 2782 14+VIII->12+I 362(11) 1.01(1) [552]
659.3 4284 3624 16-VII->14"VII 30.0(10) —
662.8 5169 4506 20+VIIW18+VIII 29.1(9) 1.01(8) [570]
671.2 5490 4819 (20")V I^(18-)V I 9.7(4) —
671.3 3296 2625 (12+)III->10+III 10.3(4) 0.99(9) [609]
678.4 4626 3947 17-VII~>15-VII 19.3(6) 1.11(8) [637]
683.8 4243 3559 16+Ia->14+I 11.7(5) 1.00(6) [777]
684.0 4626 3942 17-V IW 15-V I 8.8(3) —
(691.3) 4638 3947 17-VI->15"VII 12.6(4) —
692.9 5108 4415 19+VIII->17+VIII 23.0(7) 0.99(10) [523]
(695.7) 6186 5490 (22-)V W (20-)V I 12.8(4) 0.9(1) [671]
(696.8) 4638 3942 17-VI->15"VI 22.2(7) 1.1(1) [652]
697.8 4761 4063 (17-)V ^(15-)V 19.4(6) 0.93(9) [637]
707.9 5333 4626 19- -  7r^->17-VII 17.7(6) 0.91(7) [678]
713.5 2782 2069 12+WlO+I 484(15) 1.03(1) [648]
721.3 4964 4243 18+Ia->16+Ia 8.25(35) 0.94(7) [713]
726.2 4487 3761 (16-)V->14"V 10.7(4) 1.06(7) [638]
747.7 5917 5169 22+VIIW20+VIII 13.1(4) 1.03(5) [663]
752.4 4484 3732 17+X->15+X 5.8(2) —
759.9 1629 869 5-V~>6+I 111(3) 0.71(2) [297]
767.8 768 0 2 +111-^ 0+1 140(5) 1.03(3) [585]
769.8 4870 4101 18+X->16+X 6.0(3) —
773.6 911 137 3+III->2+I 131(4) 0.94(3) [146]
777.0 3559 2782 14+1-^12+1 47.8(15) 0.98(5) [648]
781.7 5890 5108 (21+)VnW19+VIII 5.5(2) 1.1(2) [693]
793.0 4352 3559 (16+)Ib->14+I 2 .8 (2 ) —
800.9 5671 4870 (20+)X->18+X 6.7(2) —
812.6 6729 5917 24+VIII->22+VIII 5.5(2) 0.96(8) [748]
818.2 5782 4964 (20+)Ia->18+Ia 2 .2 (2 ) 1.1(2) [648]
841.9 1276 434 5+IIW 4+I 98.0(31) 0.89(2) [297]
855.3 7584 6729 (26+)VIII->24+VIII 2.3(1) 1 .1 (2 ) [813]
880.5 5376 4496 20+ +  TT®—>18+ +  7T 84.9(26) 1.01(3) [560]
882.3 1751 869 7+IIW 6+I 19.9(8) —
903.2 1772 869 6 ~V->6 +I 7.87(38) —
906.4 1775 869 7-V W 6+I 5.62(28) —
910.9 4352 3441 (16+)Ib^l4+VIII 3.6(2) —
918.7 1352 434 4+IV->4+I 5.72(27) —
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Table 7.1 — continued
(keV) E i R f Assignment® A R d c o  [gate (keV)]933.7 1071 137 4+III->2+I 63.6(21) 1.07(8) [146]
944.1 1813 869 6 + IW 6 +I 4.1(3) ----
971.1 3040 2069 12+VIII-^lO+I 19.5(6) 0.98(9) [401]
1 0 0 2 .1 5498 4496 20+ +  7r®->18++7T 14.7(5) 0.99(8) [560]
1006.8 5503 4496 20+ 4- TT®— >18+ 4- TT 15.6(5) 1.00(7) [560]
1027.3 1461 434 4+II->4+I 2.6(4) —
1057.5 1492 434 6+IIW 4+I 19.7(8) 1.04(6) [297]
1069.3 1207 137 2+II->2+I 6 (1 ) —
1118.3 3187 2069 12+IX^lO+I 21.3(7) 1.10(7) [648]
1142.1 2564 1421 10+VIII->8+I 3.7(2) —
1146.8 2016 869 8 +111-^ 6+1 5.69(28) —
1153.3 3222 2069 (12+)IXa->10+I 12.5(5) 1.04(10) [648]
1215.1 1352 137 4+IV-42+I 7.52(32) —
1324.3 1461 137 4+II->2+I 1.5(3) —
® the spin and parity, H  are given along with the band label from the level 
scheme, for both the initial and final states.
 ^ The gating transition is not E2 .
® These transitions above the = 18+ intrinsic state are associated with posi­
tive parity levels (some tentative). See Figure 7.1b.
 ^ These transitions above the ~  18+ intrinsic state are associated with nega­
tive parity levels (some tentative). See Figure 7.1a.
g-band. Band I is yrast up to H  = 1 2 +, at which point band VIII becomes 
energetically favoured, and the intensity in the g-band falls off rapidly.
7.2.2 T he vibrational bands (bands II, III and IV )
The previously identified =  0+ vibrational band (band II) [97] has been 
observed in this work from the first excited state at 1207 keV, up to H  ~  (10+), 
representing an additional two (tentatively assigned) states. The 0+ bandhead, 
lying at 1061 keV, has not been observed in this study. DCO information was 
not available for any of the new transitions due to the extremely weak population 
of this band. This reflects the high excitation energy of this band with respect
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to the yrast line. The energies of the new transitions are consistent with the low 
alignment of this band (see Section 7.3.2).
The K'^ =  2 + 7  vibrational band was previously known up to 10+ [108] and 7+ 
[109] in the even and odd spins respectively. Three new states have been added, 
but above spin 10 the intensity of both the in-band and out-of-band decays is too 
low to allow firm spin and parity assignments to be made.
In the present work, band IV has been observed up to 5+ [97], although the 
6 + member of this band was identified in Ref. [108]. In Ref.[97], the authors 
interpreted band IV in terms of a two 7  phonon excitation. However, a =  4+, 
hexadecapole phonon excitation is an alternative possibility.
7.2.3 T he = 5“ band (band V )
No excited states in this band had been reported before this experiment, though 
the — 5" bandhead, at 1629 keV, was well established [97], decaying by four 
intense E l transitions to bands IV, III and I. The DCO ratios for the stretched E l 
transitions lie in the range 0.7—>0.9, which is higher than the expected value for 
pure dipole transitions. However, nearly all the intensity feeding the AT^  =  5~ 
state is delayed by the AT^  =  7“ and 9“ isomers (see Sections 7.2.4 and 7.2.5 
below). This may give the nucleus time to de-orientate [51], and thus the DCO 
ratio tends towards 1.0. Small admixtures of higher order multipoles could also 
be responsible for the increase in the DCO ratio.
By inspection of 7 -ray time centroids, the half-life limit for the K'^ =  5~ 
state is found to be ti/2< l ns. This band now extends to H  ~  (17“ ), and 
in-band A I  — 1 transitions have been observed for the levels up to 1 1 “ . The 
7 -ray spectrum gated by the 411 keV 9“ —>7“ transition in band V is shown in 
Figure 7.2. The alignment curve for this band (shown in Section 7.3.2), is very 
close to that for the 1 1 / 2+ band [1 1 0 ] in the odd-A neighbour, 8^SOs, suggesting 
that the same ii3/2 neutron is involved. The z/{y^[615], —|  [510]} coupling 
to non-maximum-AT is therefore proposed for the configuration of the K'^ =  5“
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band. It should also be noted that there is a ii /2 =  8.33 /j.s, 5“ isomer [90] at 
1285 keV in the isotone ^flWuo- This has been assigned the same 2 -quasineutron 
configuration. The difference in half-life between these two =  5“ intrinsic 
states may be partly due to the absence of a low-lying K'^ — 4 + band in 8^4’w, 
which in 8^G0 s, provides a AT-allowed decay route for the = 5 ~ level.
It is worth noting that the 1195 keV transition from the — 5~ state to the 
4+ state in the g-band has not been observed. This is surprising when the lower 
energy transition (760 keV) to the corresponding 6 + state is quite intense. Yates 
et al. [Ill] and Spanhoff et al. [97] have also commented on the “remarkable” 
absence of this 7 -ray transition. The intensity limit for the 1195 keV transition 
from Ref. [97], is <15 % of the 760 keV 7 -ray intensity. From the present work
the limit is now <1 % i.e. < 1 in Table 7.1.
7.2.4 The =  7“ band (band VI)
The K'^ = 7~ isomer lying at 1775 keV, was measured [97] to have 1^/2 =  8.1T0.4 
ns, although the spin and parity assignments were tentative. Here, the time- 
difference analysis leads to ri/2 =  8.5T0.3 ns (Figure 7.3a) in agreement with the 
previous value [97]. This state de-populates via an intense 146 keV transition, 
which, from both intensity flow measurements and DCO analysis, is determined 
to be an E2 transition. A much weaker decay branch has now also been identified, 
through a 906 keV El transition to the g-band. Although the 8 “ and 9~ states 
were observed in Ref. [97], they were not assigned as rotational members of the 
j^ Tv _  y- This band has now been identified up to (2 2 ~) in the even
spins and (17“ ) in the odd spin states. The preferred assignment for this band is 
z^{y’^ [615], I  [512]}, which is consistent with the alignment for the other bands 
containing an 1^3/2 neutron (see Section 7.3.2). As with band V, comparison with 
the tungsten isotone, yields a =  7“ , 2.4 ns isomer with the same configuration 
[90]. This state lies at 1502 keV and decays by a strong E2 transition to the
corresponding K'^ =  5“ bandhead, as observed here in 8^^0 3 .
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Figure 7.2: The top spectrum is gated by the 411 keV 9~—)-7“ transition in 
band V. The bottom spectrum is gated by the 229 keV 7 -ray transition from the 
p  =  (20~) negative parity high-spin state. The 708 keV transition linking the 
high-spin negative parity states with the K'^ — 9~ band (band VII) can be clearly 
seen. The strongest contaminant lines in the lower spectrum (not labelled) are 
from ®^^0 s.
7.2.5 The =  9“ band (band VII)
Spanhoff et al. [97] measured ti / 2  — 5 .3 ± 0 .2  ns for the level lying at 2166 keV, 
and observed the first excited state at 2432 keV, though no spin and parity 
assignments were made. The band has now been extended to 17“ and using time 
differences across the isomer, ti / 2  — 6.1±0.2 ns has been obtained (Figure 7.3b). 
The isomer de-excites via an intense TT-forbidden (197 keV) Ml transition to the 
8 “ level of the = 7“ band. The multipolarity was obtained from intensity 
balancing (a;T(exp)=Q.94±0.08, aT(Ml)=0.85, aT(E2)=0.35). There is also a 
second decay path, via a very weak transition, to the 7“ level of band V. The 
spin and parity assignment for this intrinsic state is K'^ = 9“ , resulting from the
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7‘ isomer, t„2=8.5(3)ns
9‘ isomer, t,/2=6.1(2)ns
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Figure 7.3: Summed time difference spectra across: (a) the 7“ isomer, at 1775 
keV using 277 and 194 keV gates; (b) the 9“ isomer at 2166 keV gated by the 194, 
197 and 397 keV transitions and; (c) the 434 keV level in the g-band using the 
297 and 435 keV gates (prompt). The solid lines are the fits of a Gaussian peak 
(the FWHM’s of which are (a) 33 ns; (b) 26 ns; and (c) 23 ns) convoluted with 
an exponential decay with the half-lives shown. A larger width for the Gaussian 
component corresponds to lower gating energies.
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t/{y^[615], I  [503]}, 2-quasineutron coupling. Once again, the alignment curve 
closely matches that of bands V and VI and the 11/2+ band in ^^^Os [110], all 
containing the same high-j neutron.
Strong out-of-band transitions between bands VII and VI arise due to the 
near energy degeneracy of the states and the crossing of the two bands. For 
instance, the 10~ levels lie only 4 keV apart. These transitions provide additional 
confidence in the spin and parity assignments given to the levels of both bands. 
Towards the top of the bands there is another crossing and this leads, potentially, 
to an ambiguity in the interpretation, since it is not obvious to which of the two 
bands, each 17“ state belongs. This is resolved by the observation of a weak 
decay branch from a high-A' structure with K'^ = 19“ at 5333 keV, which is 
assumed to preferentially proceed to the band with the higher K  value, namely 
the K'^ =  9“ band.
7.2.6 T he = 10+ band (band V III)
The level lying at 2564 keV and the first two excited states of band VIII at 2807 
and 3040 keV respectively were observed in Ref. [97], but no spins or parities 
were given. In the present study the spin and parity assignments for band VIII 
have been determined from the competing 397 keV dipole transition to the — 
9“ isomer and the quadrupole transitions that feed the 8 +, 10+, 12+ and 14+ 
members of the g-band. The most intense out-of-band transition is a 659 keV 7  
ray from the 14+ state at the band crossing.
The bandhead has a half-life limit of <1 ns and a = 10+ assignment. 
Once again, the DCO ratio for the 397 keV E l decay to the = 9“ band is 
greater than that for a pure dipole decay, namely R dco  =  0.72(5). This might 
be attributed to a slight de-orientation or to a possible (small) M2 admixture. 
A / =  1 transitions have been observed between the excited states of band VIII, 
up to spin 17, and the corresponding A / =  2 E2 crossover transitions have 
been observed up to (21) and (26) h respectively. This is well beyond the band
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crossing that takes place between the g-band and the IC  ^ — 10+ band. The 
observation of the yrare as well as the yrast states is critical in understanding the 
interaction at the crossing. Band mixing arguments can be used to support the 
high-% assignment at the crossing and this is discussed in detail in Section 7.3.1. 
Figure 7.4 shows the g-band and 10*^  band (even spin) transitions. The transitions 
between the odd spin states of band VIII are shown in Figure 7.5. In [103] 
and 18^  Os [80] similar K'^ =  10+ bandheads have been observed with half-lives 
of 1.4 jis (at 2230 keV) and 20 ns (at 2236 keV) respectively. In both cases an 
M1/E2 transition to the 10+ member of the ground-state band competes with 
the higher energy stretched E2 decay to the 8+ level in the ground-state band. 
In 1860s no such transition has been observed and the intensity limit from the 
present study for the unobserved 10+—>10+ 495 keV decay is in the units
given in Table 7.1.
The K'^ — 10+ band is interpreted as being built on a z/{~’^ [615], |*^[624]} 
intrinsic state. These two high-j orbitals feel a strong Coriolis force, resulting in 
a large alignment, approximately twice that of the other 2-quasineutron bands 
(see Section 7.3.2). The 2 -213/2 neutron structure, coupled to high K , leads to 
the designation of the K'^ = 10+ band as a ^-band [12]. The crossing with the 
g-band at /  =  14 is discussed in Section 7.3.1.
7.2 .7  T he 4-quasiparticle stru ctures
Two new levels (IX) have been observed at 3187 keV and 3433 keV that decay di­
rectly to the = 10+ band and the g-band by a series of dipole and quadrupole 
transitions. The strongest of these 7  rays, with energies 624, 626 and 1118 keV, 
are A / =  2 transitions from their DCO ratios, allowing a firm K'^ =  1 2 + assign­
ment to be made. The spectrum gated by the 1118 keV transition is shown in 
Figure 7.5. The K'^ =  12+ state is tentatively assigned the î7{R+[615], |*^[624], 
I ” [512], I [510]} configuration, based on comparisons with ECS calculations (see 
Section 7.3.5).
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Figure 7.4: A spectrum gated by the 663 keV transition in the K'^ = 1 0 "^  band. 
The in-band even-spin transitions in band VIII can be seen, together with the 
ground-state band transitions.
The first excited state of this structure has a weak branch to level IXa, at 3222 
keV with a tentative (12^) label. The weak nature of the 211 keV and 1153 keV 
transitions to and from the level respectively, implies that this state is non-yrast. 
This does not rule out an 11'  ^assignment, but the ordering of these two transitions 
is obtained from the relative intensities and the higher energy 7  ray is preferred 
as the quadrupole decay, thus favouring P  =  (1 2 '*'). Level IXb represents a level 
de-exciting via a 320 keV 7  ray to band IX. The DCO analysis favours a A / =  1 
transition, though due to the low intensity this remains unconfirmed.
The = 13^ level at 3433 keV is fed by a strong 299 keV E2 transition 
[R dco  =  0.94±0.07) from an yrast 15"^  state. There is a well formed rotational 
band built on this level, extending up to 20 h, providing evidence that the 3732 
keV 15“^ state is a bandhead. The first excited level in the band is fed by a weak 
E2 branch from the yrast intrinsic 18'*' state (discussed below). The configuration 
i/{y'*’[615], | ’^ [624], |~[503], |"”[512]} is tentatively assigned to this band (see 
Section 7.3.5).
At 4496 keV there is an yrast 18"^  state that de-excites by an intense 560 
keV E2 7  ray to the K'^ =  lO"*" band. There is also a weak decay branch from 
this level to the K'^ = 15"^  band, which suggests that the 18"^  state is non­
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collective. It is improbable that this is a rotational excitation decaying out-of- 
band, because it is yrast and the 18"^  members of the other low-lying rotational 
structures have all been identified. The simplest interpretation of this state is 
an intrinsic configuration. In addition, blocked BCS calculations, discussed later, 
predict a low-lying intrinsic state with a 4-quasineutron K'^ =  18+ configuration;
|'*’[624], I [505], \  [503]}. The half-life limit for this state from the 
centroid-shift analysis is ^i/2< 0 .5  ns. This half-life is exceptionally short for a 
level that predominantly decays via a A% =  8 transition, which ought to be 
highly /'E-forbidden. This anomaly is investigated in detail in Section 7.3.4.
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Figure 7.5: The top spectrum was produced by gating on the 1118 keV transition 
that feeds the H  — 10+ state in band I. The link between the K'^ =  18+ yrast 
state and band X can be seen at 395 keV. The bottom spectrum is gated by the 
971 keV 7 -ray transition from the H  =  1 2 + state in band VIII. The 523, 598 
and 693 keV transitions linking the odd-spin states of the K ‘^  =  10+ band are 
indicated.
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7.2.8 T he p ositive parity, h igh-sp in  sta tes
Above the 18+ yrast level, the intensity fragments between many different states, 
as reported in Ref. [104]. However, most of the positive parity states are populated 
in the decay of an H  = 28+ state at 7145 keV with ^i/2 < 2  ns. A 154 keV transition 
de-populates this yrast level, and both DCO ratios and intensity balancing are 
consistent with an electric quadrupole decay. Figure 7.6 shows the 7 -ray spectrum 
gated by this transition and Figure 7.7 shows the DCO ratios for coincident 
transitions gated by the 154 keV decay. The absence of a regular rotational 
structure is apparent in this decay, but even near the limit of angular momentum 
seen using this reaction, the intensity of the transitions remains high. Further 
down in the cascade, beyond the H  =  24+ state, the fragmentation through 
multiple decay branches is manifest. This, in conjunction with DCO ratios, allows 
the spin and parity assignments for all the positive parity states, populated in 
the decay of the 28+ state, to be determined. The negative parity states are 
discussed in Section 7.2.9.
Multi-quasiparticle calculations predict a low-lying K'^ =  28+ state with the 
configuration: z/{y'*‘[615], |'^ [624], |~[505], |  [503]} 0 7r{y [505], |  [514]}. In 
addition to this state, there are many low-lying intrinsic states calculated to lie 
in the spin range between the 18+ and 28+ levels. This could account for the 
division of intensity between many, seemingly non-rotational states, causing the 
breakdown in rotational structure observed here and in Ref. [104]. Configuration 
assignments cannot be made unambiguously for these high-spin states because 
no accompanying rotational bands have been firmly established. However, po­
tential rotational members have been identified above the =  2 0 + states at 
5498 and 5503 keV and above an /  =  21 level at 5704 keV. The weak population 
of these states arising from their non-yrast status makes definite spin and par­
ity assignments difficult. Other weakly populated structures include (24+) and 
(25+) states at 6154 and 6995 keV respectively. No configuration assignments
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have been made for these levels, because the nature of the states that they feed 
has not been determined.
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Figure 7.6: Gamma-ray spectrum gated by the 154 keV, 28"^—>-26"^  transition in 
i3®0s. A contaminant at 600 keV is denoted by c. Even in this high-spin region 
there are sufficient counts in the spectrum for useful DCO ratios to be obtained.
7.2.9 The negative parity, high-spin states
As mentioned in Section 7.2.5, the = 9“ band is fed by a = 19“ state 
at 5333 keV. This level was observed by Balabanski et al. [104], but was near 
the limit of the angular momentum input and some of the associated 7 -ray coin­
cidences are inconsistent with the new data. The discrepancy is most probably 
due to the presence of 3 transitions within 1.5 keV (530.1, 530.7, 531.5) in the 
same region of the level scheme. Apart from this, the two decay schemes (from 
Ref. [104] and the present study) are in excellent agreement, though the present 
study extends the level scheme considerably.
The level at 5333 keV decays to an (18“ ) state and also to the = 9“ band.
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Figure 7.7: DCO ratios for transitions gated by the 154 keV assigned E2 decay 
feeding the positive parity high-spin states. The open circles are dipole transitions 
and the filled circles are quadrupole transitions.
From DCO ratios, the 708 keV 7  ray, to the 2-quasiparticle band, is consistent 
with a quadrupole transition which leads to a probable spin and parity of 19“ , in 
the absence of a measurable half-life (ti/2< l ns). The 708 keV transition can be 
seen in the 7 -ray spectrum of Figure 7.2 gated by the 229 keV transition above 
the K'^ =  19“ state. The assignment of the (18“ ) level at 5027 keV as an intrinsic 
state is based on the observation of a strong decay to the yrast =  18+ state 
at 4496 keV. The DCO ratio for the 531.5 keV transition to this 18+ state is 
1.04±0.03, which is consistent with an / —>■/ dipole transition. A level at 5246 
keV is a possible candidate for a rotational excitation built on this state. The 
suggested configurations for these two negative parity states are, 18“ , ^^[615],
I [624]} 0  7t{ | [402], y  [505]} and 19 , [503], y  [615]} 0  7r{ | [514],
y  [505]} by comparison with the results of blocked BCS calculations, described 
later in Section 7.3.5.
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7.3 D iscussion
In the following sections some aspects of the level scheme will be described in 
more detail. In Section 7.3.1 the K'^ =  10+ band is discussed in conjunction 
with a two-band mixing scenario. In Sections 7.3.2 and 7.3.3 the determina­
tion of band alignments and g-factors for the rotational structures are explained. 
Hindered transitions are discussed in Section 7.3.4. In Sections 7.3.5 and 7.3.6 
multi-quasiparticle and potential-energy-surface calculations are compared to the 
experimental observations and the shapes of the intrinsic states are discussed 
along with the consequences for the K  quantum number.
7.3.1 T w o-band m ixing
In order to explain the intensities of the interband transitions between the K'^ =  
1 0 + and the g-band band, a two-band mixing calculation was performed as de­
scribed in Section 2,7.
Table 7.2 shows the calculated [R) and experimental B(E2)ouf/ B(E2 )j„ ratios 
between the K'^ =  1 0 + i-band and the g-band for two different mixing scenarios. 
(Note, values of % (band I)=0 and AT (band VIII)=10 have been used to obtain 
the branching ratios in Table 7.2.) The interaction strengths are calculated using 
Equations (2.39). Firstly, a calculation using a constant mixing strength, Vc, was 
performed, so that at the crossing ( /  =  14) the observed out-of-band to in-band 
branching ratio was reproduced. This matrix element was then fixed and used 
to calculate the branching ratio away from the crossing. It can be seen from 
Table 7.2 that the mixing between the 12+ and 10+ states gives a B(E2) ratio 
from the 1 2 + state that is an order of magnitude too high. A spin dependence 
was included in the mixing matrix strength of the form
Vs d =^A[I{I + 1 ) - K U ^  (7.1)
where A  (=0.47 keV here) is a constant, I  is the spin of the two mixing levels
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Table 7.2: Two-level mixing strengths for a constant interaction, Vc, and a spin- 
dependent interaction, Vsd (see text for details). The experimental out-of-band 
to in-band B(E2) ratios are given in the third column. R  represents the corre­
sponding calculated ratios for the mixing strengths shown. The initial state is in 
band VIII. is the out-of-band to in-band 7 -ray intensity ratio.
TIT■‘'in tial
{h)
7 1 7  /q r y  
^ ou t/ ^ in B ( E 2 ) ^ t / B ( E 2 ) , , ,
Expt.
V c
(keV)
R c
Calc.
Vsd
(keV)
R sd
Calc.
1 0 + --- — 4&9 — 4.70 —
1 2 + 1.43 0.04 4&9 0.45 2 R 3 0.19
14+ 32.10 2 .6 8 46.9 2.67 51.5 & 6 8
16+ 0 .0 1 0.04 4&9 0.05 8 R 8 0.04
and Kmax Is the higher K  value of the two bands (=10). The spin dependence 
given in Equation (7.1) was proposed by Walker et al. [112] to reproduce the 
observed i-band crossing in [112] and [22]. However, this is an em­
pirically determined relation and other forms have been successfully used, for 
example, V  — A[I{I 4-1)] [113]. The mixing for /<14 is overestimated by both 
the constant and spin-dependent interactions. However, including the spin de­
pendence relation lowers the calculated reduced branching ratio from the /  =  12 
state by more than a factor of 2, giving a ratio closer to the observed value. This 
may indicate that the interaction between bands I and VHI has a stronger spin 
dependence than that given in Equation (7.1).
If the K  values for bands I and VIII are set equal, the observed B(E2) ratios 
at the crossing cannot be reproduced with either of the above spin dependence 
relations, supporting the high-JV assignment of band VIII. Further theoretical 
work is needed to provide insight in to the role of I  and K  in the mixing matrix 
elements.
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The unperturbed energies (with the appropriate mixing interaction, Vsd  ^ re­
moved) are plotted against the spin ( / ( / +  1)) of the levels in Figure 7.8. The 
“pure” band comprises levels with energies that vary smoothly with spin.
o
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#- —#  (removed)
1450
1250
1050100 200 300 400
/(/+1)
Figure 7.8: A plot of level energy minus an arbitrary constant-rotor reference, 
versus / ( /  +  1). The even-spin members of the g-band and A'^=10‘^  band 
(solid lines) are shown, together with the unperturbed energies (dashed lines) 
for 7T (band I) = 0  and % (band V III)= 1 0 . The mixing strengths (Vs d ) are given 
in Table 7.2. The scale has been expanded to enlarge the band crossing region. 
(The 16"^  level plotted for the g-band is the 4352 keV state (level Ib) discussed 
in Section 7.2.1.)
The high-A" crossing band is interpreted as arising from the aligned li-configuration 
[1 2 ] of two «13/2 neutrons, which has been observed in other even-even nuclei in 
this mass region (Section 2.3.1). However, in [114] the i-band appears not 
to be responsible for the first backbend in the yrast states, and in [1 1 2 ]
a strong (f%140 keV) interaction leads to ambiguities in the interpretation. Re­
cently, Shizuma et al. [115] have reported a ^-band crossing in ^^^Os, but there 
is a third band involved, complicating the behaviour. In ^®®0s, the weak mixing
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results in a sharp crossing, that is explained by a two-band mixing model.
The signature splitting that is observed in the i-band, leading to a suppres­
sion of the even-spin energies with respect to the odd-spin states, probably arises 
due to a combination of deformation and Coriolis-mixing effects. A large hexade- 
capole deformation can move the low-0, high-j orbitals close to the Fermi surface 
[116]. A possible consequence of this effect is the occurrence of a close-lying s- 
band, comprising only even spins, lowering the corresponding i-band states. Band 
la is a candidate for such a structure due to its high alignment (Figure 7.9) and 
the observation of only one signature.
7.3.2 A lignm ents
The alignments shown in Figure 7.9, and used in Section 7.2 to support the 
configuration assignments, are calculated using the formulae of Furry et al [28] 
given in Section 2^ 8 (Equations (2.40) and (2.41)).
The alignments for the =  5", 7~ and 9” 2-quasiparticle bands are equal
to that of the 11/2+ band in ^®^0s [110], which provides evidence that these 
configurations contain the same aligning A3/2 neutron. The K'^ = 10+ band has 
an alignment approximately twice that of the other seniority-2 bands, suggesting 
that it is built on two «13/2 neutrons. The alternative = 10+ assignment for 
band VIII is an (/in/2 )^  2-proton configuration. These particles have a much 
lower alignment than the «13/2 neutrons. This can be seen in Figure 7.9, which 
shows the alignment of the 7r{|~[514]} band in ^®^ Re [117].
The only 4-quasiparticle state upon which a well formed rotational band has 
been observed, is the =  15+ band (band X). The alignment for this band is 
also plotted in Figure 7.9. Although the assigned configuration contains the same 
two aligning neutrons as the A^ =  1 0 + band, the alignment is significantly lower. 
This phenomenon can be explained in terms of a reduction in neutron pairing 
with increased neutron seniority. Although a decrease in the pairing interaction 
leads to an increase in the collective moment-of-inertia (equivalent to an increase
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Figure 7.9: A plot of alignment versus rotational frequency. Harris parameters 
= 2 2 . 1 MeV“  ^ and =67.0 MeV“  ^have been used: (a) the 0- and 2- 
quasiparticle positive-parity bands. The K'^ =  11/2^ band in ^®^0s and the 9/2“ 
band in ^^^Re are plotted for comparison; (b) the negative-parity 2-quasiparticle 
bands and band X.
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in alignment) the lowering of the A K  =  ± 1  mixing due to the loss of pairing has 
a greater ajffect, resulting in an overall quenching of the alignment [118]. This 
picture is consistent with the observations in the present work, and supports the 
configuration assignment for the K'^ =  15+ intrinsic state.
7.3.3 B ranching ratios and g-factors
From the in-band 7 ~ray branching ratios the rotational model equations [18] can 
be used to extract g-factors, providing an observable that can be compared to 
predicted values, to support configuration assignments. The relevant equations 
are (2.21) and (2.22). The quadrupole moment Qo was taken from Ref.[9] and 
the potential-energy-surface calculations (Section 7.3.6) [37], both of which give 
5.7 e-b. The rotational g-factors are calculated for each configuration, using 
the expressions of Belyaev [19] and Migdal [20] with the BCS pairing energies. 
Section 2.6 describes this approach in detail.
Table 7.3 summarises the information obtained from the in-band branching 
ratios for all the 2- and 4-quasiparticle bands for which A I  =  1 and 2 transitions 
have been observed. The calculated qr factors are also given. Only the magnitude 
of the value [qk — 9r) /Q q, can be obtained from the data because the branching 
ratio is related to the square of the mixing ratio. In principle the sign of the mixing 
ratio can be obtained from the DCO ratio [51]. However, due to a combination 
of large uncertainties and delayed feeding, the only in-band A I  =  1 transition for 
which the DCO ratio is statistically different from %0.56 (for a pure dipole) is 
the 143 keV transition in band V. The DCO ratio is 0.47(2), implying a negative 
(5, consistent with the calculated {qk — 9r)/Q q-
For a given orbital with angular momentum projection Ü on the symmetry 
axis, the Nilsson quantum numbers can be used to calculate the intrinsic g-factor. 
The calculated g-factors shown in Table 7.3 are found using Equation (2.30) with 
the appropriate Nilsson wave functions [24, 23]. In addition to this, the empirical 
g-factor from the 1 1 / 2 + band [1 1 0 ] in ^^^Os was used for the (213/2) neutrons, thus
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Table 7.3: Branching ratios and g-factors for the 2- and 4-quasiparticle bands in 
IBGQs.
I E2 El T2/T 1 9 r \{9k  — 9r) / Q q\ (e-b)-i
(a) (MeV) Expt. Calc.
5" 7 0.3104 0.1673 1.22±0.06 0 .2 0 0.027±0.001 -0.016
8 0.3619 0.1950 2.94±0.15 0.025±0.001
9 0.4102 0.2165 4.01±0.20 0.030±0.001
10 0.4539 0.2376 4.69±0.05 0.035±0.001
7" 9 0.4134 0.2197 0.87±0.04 0 .2 1 0.028±0.001 -0.024
10 0.4668 0.2472 1.36±0.06 0.035±0.001
11 0.5106 0.2636 12.90±0.8 —
9- 11 0.5492 0.2830 0.42±0.02 0 .2 1 0.044±0.002 -0.062
12 0.5758 0.2924 0.30±0.02 0.082±0.003
1 0 + 12 0.4761 0.2329 0.46±0.02 0.26 0.035±0.001 -0.053
13 0.4880 0.2547 1.08±0.05 0.026±0.001
14 0.4011 0.1485 3.72±0.18 0.025±0.001
15+ 17 0.7524 0.3831 0.39±0.02 0.13 0.028±0.001 -0.032
18 0.7698 0.3860 0.85±0.05 0.027±0.002
taking into account the rotational alignment of these particles. The uncertainties 
in the calculated values of {qk — gR)/Qo are expected to be approximately ± 0 .0 1  
(e-b)-i.
The experimental {qk — qr) IQ q values for the K'^ =  5" band show a general 
increase with spin, which may be due to configuration mixing at higher angular 
momenta. However, the g-factors at /  =  7 and 8 agree to within the errors. 
These values are reproduced well by the calculation, within about 0.01 of the ex­
perimental value. The sign of these factors is also in agreement with the negative
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mixing ratio, determined from the DCO ratio for the 6“ ^ 5 ~  transition. The 
situation is similar for the K'^ ~  7~ band, with the calculated value lying close 
to the experimental quantities. The two experimental values are significantly 
different from each other, which may me due to the mixing with the K'^ =  9 “ 
band. The K'^ ~  9~ band shows even larger deviations with spin, induced by 
the mixing with the K'^ — 7~ band. The calculation lies in between the two 
experimental values.
The K'^ = 10+ and K'^ =  15+ configurations both contain two 213/2 neutrons. 
The pronounced alignment effects could be related to the poorer agreement with 
the calculation for the — 1 0 + band.
From the discussion above it is evident that the alignment of the 213/2 neu­
trons in the 2 - and 4-quasiparticle configurations can be approximately taken into 
account by using the empirical value for the single-quasiparticle band in 
This results in generally good agreement between the calculated g-factors and 
those extracted from the experimental branching ratios in conjunction with the 
rotational model.
7.3.4 H indrances o f in trin sic-sta te decays
The = 7~ bandhead de-excites via both a %-allowed E2 transition to the 
K'^ =  5“ state and a i^-forbidden E l transition to the 6 + member of the g-band. 
In order to compare the rate of this decay with similar transitions in nearby 
nuclei, the hindrance per degree of AT-forbiddenness (or reduced hindrance) can 
be calculated, given by Equation (2.20) (/^ =  [E\vŸ^^)- The 906 keV transition 
from the 8.5 ns isomer in has =  37. Although no such transition has been 
observed from the 2 ns 7“ isomer in the isotone there is an 18 fxs 7~ isomer 
in 7^4W [62] (Chapter 6 ). This state at 1517 keV decays, in part, through a 708 
keV E l 7  ray, directly to the 6 + level in the ground-state band, with = 83. 
This is a factor of three higher than for the 906 keV transition in There
is also a 7~ isomer in the isotone 7^3Ft. The decay of this 0.2 ns level, at 1768
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keV [9, 119], proceeds via a 584 keV electric dipole transition to the 6 + level in 
the ground band, with =  9. This is a factor of three smaller than the 
transition, suggesting a decline in the reduced hindrance with increasing proton 
number. The reduced hindrance for the 906 keV transition in i860s, ~  37,
suggests that at low spins, the K  quantum number is at least partially conserved.
The =  10+ (-bandhead in i8 6 0 s has a half-life limit of <1 ns leading to 
a reduced hindrance of /^<3.1 for the 1142 keV stretched E2 transition to the 
ground-state band. The systematics for (-band decays are discussed in detail in 
Section 5.3.1, but this upper limit of 3.1 observed for 8^6Qg [g in good agreement 
with the low reduced hindrances for A I  =  2, E2 transitions de-exciting these 
states.
For the following discussion of high-seniority states it is more transparent to 
compare Fw values rather than reduced hindrances. The yrast K'^ =  18+ state 
at 4496 keV that feeds the (-band, decays by a A K  =  8 transition and yet the 
half-life of this level is less than 0.5 ns, corresponding to Fw<3 (or /y<1.2). 
However, mixing with the 18+ member of the K'^ =  10+ band, which lies only 10 
keV higher, could be playing an important role in the decay rate. To investigate 
the possible effects of this, a comparison with is made, where there is
a similar near superposition of intrinsic and collective states. A JT’^ =35/2~, 
750 ns isomer in [22], lies 22 keV above the 35/2“ member of a A’=23/2 
rotational band. In Ref.[22] the authors can explain the strong E2 decay from 
the isomer to the AT=23/2 band and the 750 ns half-life, with a mixing strength 
of 24±3 eV between the two states. In view of the possibility of other mixing 
mechanisms being significant, this direct mixing strength could be considered 
to be an upper limit. This is a very weak interaction and it is only the close 
proximity of the states that gives rise to any observable consequences. If the 
same small mixing strength is used between the 18+ states in 8^®0 s, a hindrance 
factor of Fw — 1 .7 x 1 0  ^ is calculated for the 560 keV transition. The observed 
hindrance of F ^ < 3  is more than 500 times smaller. It is therefore unlikely that
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direct mixing with the (-band is responsible for the fast decay from the yrast 
K'^ = 18+ state. A similar comparison of hindrances can be made with the 6 ns 
isomer in i82Qg [go]. This =  16+ state decays via a AT-forbidden 1530 keV 
transition, with Fvy~3xl0'i (with a substantial uncertainty arising from the low 
intensity of the 1530 keV transition). Although this decay is extremely fast for a 
Tf-forbidden transition [4], the hindrance is still a factor of >10"i higher than for 
the 560 keV transition in i86Qg
A similar situation exists for the 154 keV E2 transition from the =  28+ 
state in i860s, which has a hindrance of AV<0.04. Although this could be a 
A'-allowed decay, such a fast transition rate is even collective. Statistical Ad­
mixing with higher energy (unobserved) states is unlikely to explain this, due 
to the yrast nature of the A"^  =  28+ level. An additional mechanism must be 
facilitating the fast decay of these 8^6Qg ~  18+ and 28+ yrast states. (The
energies of the intrinsic states, as a function of spin (J), relative to the yrast band 
are shown in Figure 7.10.) A candidate for such an effect is the onset of triaxiality. 
Once an intrinsic state is axially asymmetric, AT-conservation would be absent, 
allowing it to de-excite by transitions with increased collectivity. The shapes of 
the multi-quasiparticle nuclear potentials are investigated in Section 7.3.6.
7.3 .5  M ulti-quasiparticle calcu lations
Multi-quasiparticle Nilsson model calculations [31], have been performed using 
blocked BCS pairing w(/iow( residual interactions (Section 3.1). The experimen­
tal energies are compared to the lowest calculated energies for a given configura­
tion in Table 7.4. The single-particle proton and neutron energies were adjusted 
(consistently with the monopole pairing strength; see below) to reproduce the 
single-quasiparticle energies [9, 82], where available, in the odd-A neighbours, 
8^^Re and ^85Qg The deformation parameters, 8 2  =  0.198 and 64 =  0.056 [81] 
were used with axial symmetry ( 7  =  0°). The neutron monopole pairing strength, 
G,^  =  21.5/A MeV, was chosen to reproduce (within ~200 keV), the observed en-
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Figure 7.10: A plot of excitation energy versus spin (/) for the ground-state band 
(Band I), the K'^ == 10"^  band (band VIII) and some of the intrinsic states. At 
high angular momentum the intrinsic configurations become yrast. Above /  =  19 
only the most yrast even spin (intrinsic) states, populated in the decay of the 28'  ^
level, are plotted.
ergies of the 2-quasineutron bandheads. Due to the absence of any 2-quasiproton 
states in this study, the proton pairing strength was chosen to be 1.5/A MeV 
higher than the corresponding neutron value (G^ r =  23.0/A MeV), which is con­
sistent with Ref. [31].
Residual nucleon-nucleon interactions (Section 3.1.3) typically shift the ener­
gies of the states by '^lOO keV, with favoured configurations {like particles with 
intrinsic spins antiparallel and unlike particles with intrinsic spins parallel) being 
moved to lower energies and unfavoured couplings being shifted towards higher 
energies. When a qualitative allowance is made for these interactions the agree­
ment between calculation and observation is generally good. The two unfavoured 
2-quasiparticle states [K'^ = 9~ and =  10"^ ) are predicted (in the absence of 
residual interactions) to occur lower in energy than observed, and the favoured
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Table 7.4: Multi-quasiparticle states in
Configuration‘sI Energy (keV) AE^
Neutrons Protons Expt. Calc. "^ (keV)
5“ iy{. 1 / 2 +, - 1/ 2 -} 1629 1707 -b78
7- 1 / 2 +, 3/2-} 1775 1855 -b80
9- 1 / 2 +, 7/2-} 2166 1828 -338
1 0 + 1/ 2+, 9/2+} 2564 2338 -226
1 2 + 1 / 2+, 9/2+, 3 /2 - ,1 /2 -} 3187 3252 -1-65
15+ 1 / 2 +, 9/2+, 7 /2 -, 3/2-} 3732 3390 -342
18+ iy{ 1 / 2 +, 9/2+, 9 /2-, 7/2-} 4496 4286 - 2 1 0
(18-) z/{ 1 / 2 +, 9/2+} 7T{ll/2-, 5/2+} 5027 4696 -331
19- u{ 1 / 2 +, 7/2-} 7T{ll/2-, 9/2-} 5333 4684 -649
28+ 1 / 2 +, 9/2+, 9 /2 -, 7/2-} 7r { l l / 2 - ,  9/2-} 7145 7141 - 4
“ Neutrons: ll/2+[615], 9/2+[624], 9/2-[505], 7/2"[503], 3/2-[512], 1/2"[510] 
Protons: 11/2" [505], 9/2" [514], 5/2+[402].
 ^ Blocked BCS calculation without residual interactions [31].
 ^ Calculated energy minus experimental energy.
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2 -quasiparticle states are calculated to lie higher than the experimental value. 
This is further evidence in support of the assignments made to these states and 
is supported by the alignments and E2/M1 branching ratios (Section 7.3.3).
The energies calculated for the seniority-4 and -6  states show a similar relation 
with the experimentally observed levels. However, for the negative parity con­
figurations, there is a greater difference between the two energies. For instance 
the 19“ state occurs 649 keV higher than predicted. This is probably due to 
the choice of the proton pairing strength. A larger value for G-^  would increase 
the calculated energies for all the states involving protons. Although this would 
increase the energy difference for the =  28+ state, residual interactions would 
be expected to lower the energy for this configuration.
These axially symmetric calculations successfully predict the energies of the 
intrinsic states to within a few hundred keV. However, the half-lives of the K'^ =  
18+ and =  28+ states are anomalously short. As discussed in the previous 
section, the 18+ yrast state at 4496 keV, seemingly decays by a A K  =  8  transition 
to the K'^ — 1 0 + band, and yet the half-life is less than 0.5 ns. To understand the 
mechanism responsible for this behaviour, potential-energy-surface calculations 
have been performed (see.Section 7.3.6).
7.3 .6  P otentia l-en ergy-surface calcu lations
Calculations describing the shape evolution for ^^®0s with increasing rotational 
frequency have been presented by Balabanski et al. [104]. These Total Routhian 
Surface (TRS) calculations include particle alignment to give the yrast minimum 
in the ^ - 7  plane as the nucleus is cranked. A substantial change in structure is 
predicted to occur at 7%18 A, from collective to non-collective (high-jFf) prolate 
rotation. However, although this adiabatic approach provides a general under­
standing of the nuclear potential, the intrinsic states using this technique are 
always mixed [120]. To identify the specific orbitals responsible for the dramatic 
change in behaviour, a new method [37] of diabatic blocking has been employed.
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Configuration-constrained, Potential-Energy-Surface (PES) calculations [37], 
as described in Section 3.2, have been performed for the intrinsic states observed 
in ^^®0s. The results are summarised in Table 7.5. The excitation energies cal­
culated using this method are compared to the experimental energies and those 
found using the BCS method. The expectation value of K  {K in Table 7.5) is cal­
culated for the intrinsic states by projecting the single-particle wave functions on 
to the long nuclear axis and summing over all the occupied orbitals. Figure 7.11 
shows the PES’s for some of the states. States are still referred to by their axially 
symmetric K  value for convenience.
Table 7.5; Properties of intrinsic states in ^®®0s, observed and calculated in the 
present study.
Rn tl/2 Energy (keV) “ Deformation b
(ns) Expt. Calc.I': Calc.Il'' A A It I
gs --- 0 0  0 0.189 -0.054 10 0
5“ < 1 1629 1707 1899 0.193 -0.051 0 " 5.0
7- 8.5(3) 1775 1855 1970 0.196 -0.061 0 ° 7.0
9- 6 .1 (2 ) 2166 1828 2079 0.186 -0.051 6 ° 9.0
1 0 + < 1 2564 2338 2070 0.192 -0.055 1° 1 0 .0
18+ <0.5 4496 4286 4000 0.186 -0.039 23° 16.9
28+ < 2 7145 7141 6020 0.179 -0.032 26° 26.5
“ No residual interactions are included in the calculated energies.
 ^ Calculated using the method of Xu et al [37].
 ^ Calculated using the method of Jain et al [31].
For the negative parity 2-quasineutron states the energies from both calcula­
tions are in good agreement with the observations, but for the higher lying states
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the PES calculations underestimate the excitation energies by an increasing mar­
gin. The energy of the K'^ — 28+ level is calculated to be more than 1 MeV lower 
than observed. The reason for this is most likely to do with the choice of (config­
uration independent) monopole pairing strengths [37] but a critical evaluation of 
this aspect is beyond the scope of the present study. Nevertheless, adjustments 
to better reproduce the energies would not affect the calculated shapes.
Inspection of the calculated shape parameters (Table 7.5) shows that, as the 
nucleus gains angular momentum, the shape initially remains axially symmetric, 
which is consistent with the observation of low-lying isomeric states and well- 
formed rotational bands. Indeed, the potential minimum for the 7“ isomer (see 
Figure 7.11) is more well defined than for the ground-state. This persistence of 
axial symmetry, up to and including the K'^ =  1 0 + configuration, means that for 
these configurations K  is equal to the total angular momentum of the intrinsic 
state.
However, the K'^ = 18+ and 28+ states are no longer axially symmetric, see 
Figure 7.11. The yrast 18 % configuration has a triaxial parameter, 7  =  23°. 
This dramatic shape change results in K  being reduced to 16.9 A. This is due to 
the occupation of the two I ” [505] and |~[503] neutron orbitals which drive the 
nucleus towards large 7  deformations. The triaxiality is even more pronounced 
for the = 28+ state ( 7  =  26°), because of the excitation of a proton from the 
axially symmetric |~[514] orbital to the 7 -driving y "[505] single-particle state. 
Again, the calculated shape of the potential leads to a reduction in K , to 26.5 h. 
These two high-spin states are almost completely triaxial ( 7  =  30°), which can 
explain why K  is not conserved in their decay. The very low hindrance of the 
560 keV and 154 keV E2 transitions (Section 7.3.1), from the K'^ = 18+ and 28+ 
yrast levels respectively, supports the results of these configuration-constrained 
PES calculations. Indeed, given these results it would be anomalous if these 
states were long-lived.
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7.4 Sum m ary
The nucleus ^®®0s has been studied up to high-spins following fusion-evaporation 
reactions with a radioactive neutron-rich beam. New 2 - and 4-quasiparticle 
bands built on the K'^ — 7~ and 9“ isomers, together with = 5“ , 10+ and 15+ 
intrinsic states, have been observed, and the (5 and 7  vibrational bands have been 
extended. Configuration assignments have been made by analysis of alignments, 
g-factors, energy systematics and comparison with blocked BCS calculations. 
The first crossing of the g-band has been attributed to a high-AT f-band and the 
relative transition strengths are explained by a two-band mixing calculation.
At higher excitation energies there is a wealth of intrinsic states on or near 
the yrast line with an absence of associated half-lives. Analysis of transition hin­
drance factors reveals that, while K  is at least partially conserved in the low-spin 
domain, it is completely eroded for 7>18 ti. These discoveries are in excellent 
agreement with predictions by configuration-constrained PES calculations, of tri­
axial nuclear potentials. The observed A7^  =  18+ and 28+ yrast intrinsic levels 
are calculated to have 7  =  23° and 26° respectively, corresponding to almost 
complete triaxiality.
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Figure 7.11: Diabatic potential-energy-surface calculations. Top left: the ground 
state, top right: the 5“ state, middle left: the 7~ state, middle right: the 10+ 
state, bottom left: the 18+ state, bottom right: the 28+ state. There is reflection 
symmetry in the 7  =  0 *^ prolate axis.
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Conclusion
High-spin H-isomers have been populated in neutron-rich nuclei in the mass-180 
region. New 2- and 4-quasiparticle isomers have been observed in with half- 
lives of 18 fxs {K^ = 7“ ) and >3 ms {K'^ =  (16+)) respectively. The latter of these 
is a 4-quasiparticle yrast trap decaying through a multitude of high-7C structures 
which feed the 2-quasiparticle =  7“ state. In ^®^ Ta new 3-quasiparticle 
isomers with half-lives of 170 ns, 25 fj,s and 210 /iS have been observed de-exciting 
to the = 9 / 2 “ band. Predictions of blocked BCS calculations are in good 
agreement with the excitation energies of the observed intrinsic states.
A new 1-quasiparticle band populated in the decay of a ti/2> l ms 3-quasiparticle 
isomer has been tentatively placed in 7^3Tan2 . A K'^ =  2 1 / 2 “ assignment has 
been proposed for this isomer by comparison with the lighter tantalum isotopes 
and blocked BCS calculations. An in-band 7 -ray branching ratio analysis yields 
an intrinsic g-factor that is consistent with a 7t{|~[514]} assignment for the new 
band. Additional measurements with longer beam pulsing are necessary in order 
to measure the long half-lives of the and ^^^Ta isomers.
The strong production of the ^®^ Ta and target isomers (o-%10 — 100 
mb) by inelastic and transfer mechanisms using a beam, establishes this 
technique as suitable for populating AT-isomers that are inaccessible with fusion- 
evaporation reactions using stable beams and targets. This method is likely to
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yield further results at higher spins and higher neutron numbers when coupled to 
more sensitive detector arrays. In addition, other isotopes and target materials in 
this region, such as rhenium and osmium, offer access to a wider range of product 
nuclei that are as yet unstudied.
An alternative method of populating neutron-rich nuclei is to use fusion- 
evaporation reactions with radioactive beams. One of the few radioactive beams 
available with sufficient intensity is and this has been used successfully to ex­
plore the high-spin structure of ’■®®0s. New rotational bands have been observed 
built on the K'^ =  7~ {ti/ 2  =  8.5 ns) and 9“ (ti/2 =  6.1 ns) isomers as well as on 
the K'^ = 5~, 10+ and 15+ multi-quasiparticle states. Previously known /? and 
7  vibrational bands have been extended to higher spins, and a candidate for a 
rotational aligned low-AT 5-band has been observed. Configuration assignments 
have been made following an analysis of alignments, g-factors, energy systemat- 
ics and comparisons with blocked BCS calculations. The first backbend in the 
ground-state band at 14 is caused by the crossing of a high-AT i-band. The out- 
of-band to in-band transition strengths can be explained by a two-band mixing 
calculation.
The high-spin yrast structure of ^^®0s is dominated by intrinsic states that 
have no measurable lifetimes (<1 ns). Comparisons with configuration-constrained 
potential-energy-surface calculations suggest that the onset of axially asymmetric 
nuclear shapes is responsible, resulting in — 18+ and 28+ yrast states with 
triaxiality parameters of 23° and 26° respectively. This leads to a breakdown in 
AT-conservation manifest as a loss of isomerism at high angular momentum.
The measurement of short half-lives (<1 ns) and the observation of rotational 
bands built on the triaxial states may in the future allow testing of the proposed 
configuration assignments above I  = 18.
The work discussed in this thesis has enabled the behaviour of neutron-rich 
nuclei to be explored and the reliability of the calculations to be proven at high 
neutron numbers. The elucidation of the intrinsic structures will be important for
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future studies trying to reach the very high spin domain (>30 h). Observation of 
high seniority states are of interest in order to better understand the persistence 
of the pairing interaction, although heavier radioactive projectiles will be needed 
for such experiments.
A ppendix A
Back rotation
The bands observed in deformed nuclei have bandheads with I  = K , i.e. all 
the angular momentum is aligned along the symmetry axis. This is because of 
a phenomenon called “back rotation”. For a particular single-particle orbital, 
the angular momentum j ,  can have a projection Ll (= /, i  — 1 , j  — 2 .. .,1 / 2 ) on 
the symmetry axis. Each of these energy states are doubly degenerate since the 
projections —Q and -}-Q have the same energy. Under these circumstances, the 
total angular momentum of the given state would not, in general, be equal to K  
i single particles). However, the nucleons in the core of the nucleus 
can rotate collectively, independent of the single-particle rotations, so that the 
total angular momentum is equal to the sum of the single-particle and collective 
components.
Consider a prolate deformed nucleus with a nucleon rotating at an angle 9 to 
the rotation axis (which is perpendicular to the symmetry axis) about which the 
core is rotating. See Figure A.I.
Let the angular frequency of the nuclear core in the laboratory frame be uq, 
and the angular frequency of the single-particle in the same frame be Up at an 
angle 9 to that of the core. The energy of this system in the laboratory frame 
can be written as,
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Rotation
axis
Symmetry
axis
CoreSingle particle orbital
Figure A.l: Diagram showing single-particle and collective rotations in a prolate 
deformed nucleus.
(A.1 )2 " " 2
where Jo and Jp are the moments of inertia for the core and single nucleon 
respectively. The angular frequency of the nucleon can be split into two com­
ponents; parallel to the symmetry axis (= WpSin )^ and perpendicular to the 
symmetry axis (= cjpcos^). The corresponding components in terms of the 
angular momentum of the particle are
w,g  —  p (A.2 )
and
w: ^  + ^ 0  
U p
(A.3)
where ^  is a constant equal to the particle angular frequency, along the rotation 
axis, in the rotating frame of the core. Substituting Equations (A.2) and (A.3)
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in to (A.l) gives,
E — - J qujI + -J p Jp +  Wo 1 + (A.4)
To find the rotational frequency of the core, at which the energy of the system 
is a minimum, Equation (A.4) must be differentiated with respect to ujq and set 
equal to zero (see below).
dE
diJn Jo^o +  Jp^o +  C =  0 (A.5)
This implies that J qcoq — — which means the angular momentum of the 
core is equal and opposite to the rotational aligned component of the particle 
angular momentum (Ç). This means that the lowest energy state in a given rota­
tional band is one with the total angular momentum pointing along the symmetry 
axis, i.e. I  = K . The rotational component of the particle angular momentum is 
cancelled out by the collective back rotation of the core.
A ppendix B
Branching ratios
In Section 2.6 Equations (2 .2 1 ) and (2 .2 2 ) were introduced that relate the in-band 
7 -ray branching ratio, Af,, to the intrinsic and rotational g-factors (gyromagnetic 
factors) qk and gn respectively. These expressions are derived below. The defi­
nition of Xb is
^  T,{E2)
‘ T i{E 2 )+ T i{M l)   ^ '
where Ti and T2 are the 7 -ray transition rates (oc intensity) for A I  =  1 and 2 
transitions respectively. Stretched E2 transitions are assumed here to be of pure 
multipolarity, because any admixture of M3 (or higher multipoles) will be very 
small. Note that the ratio where 6 is the quadrupole/dipole mixing
ratio. The transition rates [72] are related to the reduced transition probabilities 
{B{XL)) by Equations (B.2).
7
Where E j is the 7 -ray transition energy in MeV. Substituting for the transition 
probabilities in Equation (B.l) using Equations (B.2) yields,
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A;, — I B2(E2) X 1.225 X 10^VEiV Bi(E2) X 1.225 x 10  ^+  B i(M l)^ r^  x 1.758 x lO^ ^
The reduced in-band transition probabilities [72] are given by,
B{E2] UK I f K)  =  ■ ^e^Q l\ < Ii2K 0\I;K  > p 
B{E2; l iK  I f K)  =  < I i\K a \I fK  > p
B(M1; UK I f K)  =  A g2| < l , i m \ l ; K  > -  g^fK '^
(B.3)
(B.4)
where Qo is the intrinsic quadrupole moment in units of e-fm^ and gjc and g/i 
are the intrinsic and rotational gyromagnetic ratios respectively. The relevant 
Clebsch-Gordon coefficients [26] are,
£2 ; I < laKOlIfK > I = 3(1 -  K) ( I  -  K  -  1)(I + K) ( I  +  K - 1 )
1/2
E2 ; I < Ii lKO\IfK > \  =  - K  
M l :  I <  Ii lKO\IfK >
( 2 / - 2 ) ( 2 J - l ) / ( 2 / + l )
3 ( I - K ) ( I  +  K)  1^ ''^
_ ( / - l ) 7 ( 2 /  +  l ) ( /  +  l)_ 
( I - K ) ( I  +  K)
(B.5)
1/2
1(2/  +  1)
where /  is the angular momentum of the initial state. K  is assumed to be a 
good quantum number throughout. Substituting Equations (B.4) and (B.5) into 
Equation (B.3) results in,
Ah =
\ E l J  167T 1-225 X 10=
(B.6 )
\
L
\  1 6 7 r ’:e^Ql [(47(2/Y it(/li)l 1-225 X 1 0» +  ^  1 . 7 5 8  x  1 0 >^ J
Rearranging these terms gives Equation (B.7).
Xb = J52Ye J
f 3(/—/r—1)(/+IT—i)(j+i) 1[ (27-1)2X3 J
A. [ 3 1 , 3 [ I S t i s E A !  { 1.758xlQi3\ l16 [ ( / - 1 ) ( /+ 1 ) J  ■*" 4 [  ^ 1.225x109 ) \ /
(B.7)
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This leads to the following expression for the branching ratio,
^ ' 5  /  
El
r( j - f f - i ) ( j + g - i ) ( f + i ) i[ (21-1)210 J (B.8 )
This equation is identical to that quoted by Alexander et al. [18]. To convert 
Qq from units of e-fm^ to e b, there is an additional factor required, namely, 
Qo ^  Making this substitution yields Equation (B.9)
{q k  -  9r )
Qo (i (Î ( /  — K  — 1){7 K  — 1 )(7 “t“ 1)2772(27 -  1 )
(B.9)
1/2
This result can also be expressed in terms of the quadrupole/dipole mixing ratio
S,
(9k  -  9 r ) _  0 .933 .-^1 (B .io )
Qo 5 ^ { P  -  1 )
where ô is related to the quadrupole admixture (q) by.
2AT2 (2 / _  1 ) E l Aft (B .ll)1 +  J2 ( /  -  A  -  1)(/ +  -  1) ( /  +  1) E l
Equations (B.IO) and (B .ll) here correspond to Equations (2.21) and (2.22) in 
Section 2.6.
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